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PREFACE. 



The best method of teaching physics to beginners consists 
of a wise combination of oral instruction, the study of a text- 
book, and laboratory work. By oral instruction, involving 
illustrative experiments, the pupil should be enabled to see, 
in the outset, just what phenomena are to be the subject of 
each study. In the text-book he should find a plain, logical, 
and accurate outline of the facts and explanations, with formu- 
lated statements of definitions and principles relating to the 
subject. In the laboratory he should practice those experi- 
mental methods of reaching or testing truths which will most 
surely impel him to be circumspect, methodical, accurate, and 
conscientious in whatever he does and thinks. An outline of 
such a course is presented in this book. 

This work differs from many other elementary text-books in 
this respect: It contains much less descriptive material for 
purely illustrative work, and much more of that which is 
necessary for systematic and successful quantitative study. 

The kind and quantity of illustrative work in the class room 
would better be left to the judgment of the teacher than to be 
fully laid down in the text-book. The teacher can better adapt 
it to the age and attainments of his pupils, and should be free 
to carry it out with the apparatus which he may possess. Such 
adaptation, together with the charm of novelty, will make 
the phenomena real and attractive in a degree far beyond the 
power of any printed description. Moreover, so much illus- 
trative material is already accessible to both teacher and pupil 
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4 PREFACE. 

that it need not be republished, and its omission from the 
text-book leaves room for the discussion of important facts 
and for the directions which are indispensable for quantita- 
tive study in the laboratory. 

A laboratory course accompanies the text throughout this 
book. The experiments are described at the close of the 
numbered sections and are set in different type. By this 
artifice they practically leave the continuity of principles 
unbroken. They may be modified for us^, or omitted, and 
yet leave the general course intact. But their presence in. 
the book will encourage the introduction of the laboratory 
method into schools which have not adopted it, by exhibiting 
a definite course, which is adapted both to the subjects treated 
and to the powers of the student, and which can be introduced 
with comparatively small expense. Especial care has been 
taken to select experiments which will not overtax the abili- 
ties of beginners nor require expensive apparatus, but which 
call for thoughtful work and lead to accurate results. 

Among other features of the text designed to be prominent 
throughout the book are the following : 

The discussions flow smoothly from point to point in the 
order of their dependence, instead of passing abruptly from 
one to another without scrupulous regard to their mutual rela- 
tions. An abrupt, fragmentary, or telegraphic style is not con- 
ducive to an easy and complete mastery of any subject. 

A notation to designate the subdivisions of subjects has been 
adopted which leaves the continuity of the treatment unbroken, 
and at the same time individualizes every distinct feature, and 
renders future reference to it easy. 

By means of cross references, and the systematic notation, 
the student is directed to the facts and principles which 
have been already studied and are involved in the study of 
the subject in hand. By this means a constant review of 
fundamental points may be kept up. 
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Arbitrary statements of definitions and principles have been 
avoided as far as practicable. Terms are introduced as names 
to designate ideas which have arisen, and the formal definitions 
and statements of laws are intended to be summaries of the 
characteristics of the phenomena which they describe. 

In the interest of clear thinking and accurate expression of 
thought, a serious attempt has been made to impart clear-cut 
conceptions of physical quantities, and to protect the pupil 
from the pernicious influence of ambiguous terms. For exam- 
ple, there will be found a persistent use of the word " mass," 
whenever quantity of matter is the idea to be expressed, while 
the word " weight " is used to designate the attraction between 
bodies and the earth, and for no other purpose. In like man- 
ner the word " force " is used simply to designate the mutual 
action of bodies by which changes are produced. 

It has not been forgotten that the teaching of physics in 
secondary schools is chiefly to pupils who will complete their 
school studies in these institutions. Hence this course covers 
a wider range of subjects, contains a larger amount of infor- 
mation, but no less of that which is precise, accurate, and 
disciplinary, than if it were intended exclusively for the 
smaller class of students who are in preparation for college. 

To Professor E. W. Wetmore, of the New York State 
Normal College, who has read the entire work in proof sheets, 
and has enriched it in many places, I desire to express my 
gratitude. To Mr. James F. McElroy, Albany, N. Y., I am 
indebted for the cuts illustrating his explanation of the pro- 
duction of motion in the electric motor. My thanks are due 
also to Mr. George C. Gow, professor of music in Vassar 
College, who has read the chapter on Sound, and to my 
daughter, Mabel Lillias Cooley, who made nearly all the 
drawings for the illustrations in the book. 

L. C. C. 

May, 1897. 



LABORATORY WORK. 



The educational value of laboratory work depends entirely 
on the way in which it is done. It rewards the student just 
in proportion to the care he bestows on it, and the effort which 
he makes to secure accurate results. 

The purpose of all the experimental work described in this 
book is threefold: To illustrate the general principles of the 
science, and thus to impress them more deeply on the mind ; 
to acquaint the student with experimental methods of reach- 
ing and verifying truth ; to cultivate the habit of thoughtful 
observation, and the power to reason logically and to express 
thought correctly. With these objects in view the following 
suggestions are made: 

No experiment should be undertaken without adequate 
preparation. Only when a student has studied the general 
principle involved, knows the specific object to be accom- 
plished, and something about the instruments to be used, is 
he ready to begin. Therefore he should study the text, and 
read carefully through the directions for making an experi- 
ment before entering the laboratory. 

Next in importance to the ability to reach truth by experi- 
mental means, is the power to express it with clearness and 
accuracy. Hence a methodical record of all laboratory work 
should be made. A notebook should be devoted exclusively 
to this purpose. Let it be an ordinary blank-book, about ten 
inches long by eight inches wide, with stiff covers, made of 
ruled paper with numbered pages and a marginal line. A 
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LABORATORY WORK. 7 

chronological history of the work in each experiment should 
be briefly noted on the left-hand page, while the right-hand 
page should be reserved for sketches of apparatus, the record 
of incidental observations and arithmetical computations. The 
following order is recommended : 

Date . Experiment No. . (To be recorded at 

the top of the left-hand page of the open notebook.) 

Object . (To be copied from the text-book.) 

Apparatus. — Collect the necessary pieces of apparatus, 
arrange them ready for use, and then record their names, and 
designate each by the number, or other label, which it bears. 

Observations. — Proceed to use the apparatus just as directed 
in the instructions given. Note briefly but clearly each step 
in the work and inferences or data obtained from it. For 
example, suppose the experiment has for its Object: To 
measure the volume of a small piece of marble to the nearest 
.1 cc. by displacement of water. Step by step the work should 
go on, each step being immediately described somewhat as 
follows : 

I read the volume of water in the cylinder — found, 20.5 cc. 

Suspended the marble by a fine silk thread. 

Immersed it in the water, noticed air bubbles clinging to it. 
Rinsed them off by lifting and lowering the marble. 

Read the volume of both water and marble — found, 23.8 cc. 

Watch for everything which occurs ; let nothing escape atten- 
tion. Incidental observations may be recorded on the right- 
hand page. Do not stop to make any computations while the 
experiment is in progress, unless a result is needed for use in 
the work. 

Computations. — After the experimental work is finished, 
proceed as follows to make the computations: On the left- 
hand page indicate the operations in equationai form only. 
Then let the arithmetical work be done, neatly and compactly, 
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on the right-hand page opposite, and the result be transferred 
to its place on the left. Much time and labor will be saved 
if the details of the computations are preserved in this way so 
that they may be reviewed quickly in search for errors. Let 
none be made on loose scraps of paper. Whenever possible, 
collect the observed and computed values in a tabular form. 
In many cases such tabular forms are given in the book. 

Conclusion. — Write a brief summary of results. This should 
be so stated as to show that the Object of the experiment is 
accomplished. 

No copying from the text-book should be permitted beyond 
the statement of the object, a working formula, or numerical 
data. No erasures should be permitted. A new result may 
be written above the old one and the reason why it is pre- 
ferred on the opposite page, but the old one should stand dis- 
tinct ; it is sometimes the true one after all. 

The records should be criticised by the instructor, the cor- 
rections should be made by the student, and, finally, they should 
be included among the subjects discussed in the class room. 
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I. MATTER AND FORCE. 
HATTER. 

1. Matter. — a. Wood, iron, water, and air are different kinds 
of matter. Books, vases, blocks of wood, and iron balls are 
separate portions of matter. Each different kind of matter is 
called a substance, while each limited portion of matter is 
called a body. 

b. Each substance differs in some way from every other. 
One is hard, another soft ; one is flexible, another brittle ; and 
many other differences are noticed when we examine and com- 
pare different substances. Hardness, flexibility, brittleness, 
elasticity, and all other qualities are called properties of 
matter. 

A substance may have some properties which it cannot 
show without changing into other kinds of matter. For exam- 
ple: Combustibility is a property of wood, but you cannot 
detect that property without actually burning the wood, and 
when the wood burns it is no longer wood ; it is reduced to 
ashes and vapors. But other properties, such as hardness and 
color, can be detected without producing any change in the 
substance. So we see that there are two classes of properties. 
Those which a substance may show without changing into 
other kinds of matter are called physical properties. Those 
which a substance can not show without changing into other 
kinds of matter are called chemical properties. 

Our study of Physics is chiefly devoted to physical proper- 
ties, and those which we should first consider are extension, 
mass, and density. 

11 



12 MATTER AND FORCE. [§ 2. 

2. Extension. — a. Extension is that property of matter in 
virtue of which a body occupies space. The extension of a 
body is in all possible directions, but all directions are in- 
cluded in the three dimensions known as length, breadth, and 
thickness. 

Length is extension in one dimension only. 

Area has extension in two dimensions. 

Volume has extension in three dimensions. 

It is quite clear that length is the fundamental quantity ; 
for if we can measure length, we can find area, which is the 
product of two lengths (one of which is called breadth), and 
also volume, which is the product of three lengths (one of 
which is breadth and another is thickness). 

b. In order to measure length, two things are necessary: 
There must be a unit and also a standard, A unit of length is 
a certain distance which has been chosen, with which to com- 
pare all other distances, and a standard of length is a bar on 
which that distance is marked with precision and by authority, 
in order to insure uniformity and accuracy in its use. 

Two units have been chosen. One was fixed by the English 
government and adopted by the United States ; it is called the 
yard. The other was fixed by the French government, and 
has been legalized by the United States ; it is called the meter. 
The two standards on which these units are marked are certain 
bars kept in the custody of officials of these nations. 

c. In the office of the standards in London is a bronze bar, 
near each end of which is a gold plug. Across the head of 
each gold plug a fine line is engraved perpendicular to the 
length of the bar. The distance between the centers of these 
two lines, when the temperature of the bar is 62° F., is the Eng- 
lish unit of length, or yard. An act of Parliament made it 
the unit, and at the same time declared this bar to be the 

andard. 



§ 3.] MATTER. 13 

d. In the French Archives there is a rod of platinum. The 
distance between the ends of this rod, when the temperature of 
the rod is 0° C, is the French unit of length, or meter. An 
act of the French government made it the unit, and at the 
same time declared this bar to be the standard. 

e. Smaller units than the yard or the meter are more con- 
venient when short lengths are to be measured, and hence the 
yard and the meter are subdivided. The yard is divided into 
36 equal parts, each called an inch, and a foot is fixed as 12 
inches. The meter is divided into 10 parts called decimeters, 
each of these again into 10 parts called centimeters, and each 
of these into 10 parts called millimeters. 

Larger units, more convenient for measuring long distances, 
are obtained by taking multiples of the smaller units. Thus 
the English mile is 5280 feet, and the French kilometer is 1000 
meters. 

The inch is the English unit most used in the laboratory, 
and the centimeter is the most convenient French or metric 
unit, because the distances to be measured are generally small 
in laboratory experiments. 

/. Throughout this book the centimeter will be the metric 
unit of length in laboratory work, and millimeters will be 
written as tenths of a centimeter. Thus twenty-five centi- 
meters and six millimeters will be written 25.6 cm., instead 
of 25 cm. 6 mm. 

3. Operations for measuring Extension. — A. Lengths, a. A 
meter bar is a bar of wood or metal with an accurate copy of the 
scale of the standard meter (§ 2, d) engraved upon it. Its least 
count, that is, the smallest length marked upon it, is one milli- 
meter (.1 cm.). Fig. 1 shows a part of a meter bar placed as 
it should be to measure a length, — say the length of the upper 
front edge of a block. Notice that the measure is placed on 
Us edge, thus bringing its scale lines into contact with the line 
to be measured. Notice also that the end of the bar is not used; 
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some other division is placed at the end of the line which is 
to be measured. This is so because the end divisions are not 
always true. The end may not be cut perfectly square or it 
may be worn. The length is found by reading the scale at 
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Fig. 1. 

each end of the line and taking the difference between the two 
readings. Thus, according to the figure, the two readings are 
14.4 cm. and 10.5 cm. So the length of the line must be 
14.4 - 10.5, or 3.9 cm. 

b. But the length of a body is not likely to be the same at 
all points, even when its ends are supposed to be cut squarely. 
By the " length of a body " we mean its average length. To 
find the average length of the block, Fig. 1, for example, we 
measure it along all four of its edges, and perhaps at other 
places, then add all these lengths, and divide the sum by 
their number. 

c. It is practically impossible to measure anything with 
absolute exactness. There are distances too small for the 
eye to see, and human skill fails to handle instruments with 
absolute precision. Besides this, there is the fact that the 
scale divisions of a measuring instrument are not absolutely 
correct. But it is possible to measure lengths with very little 
error, and a certain degree of exactness is required in every 
case. 

The accuracy required is not the same in all cases. An 
inch is a large error in the length of a table ; it would be a 
very small one in the distance between two cities. The 
tenth of a centimeter is a large error in some measurements 
which the student is called on to make, and the thousandth 
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of a centimeter is too large for certain purposes in science. 
The student should spare no effort needed to reach the desired 
degree of accuracy in every case. And then he should remem- 
ber that the time spent in reaching a still higher degree is 
wasted. 

Experiment 1. — Object. To measure the outside dimensions of a rec- 
tangular block to the nearest millimeter ; that is, to within .1 cm. 

Use a meter bar as directed in a. Find the average value of the 
length, reading the scale with great care. To read a scale correctly, 
always put the eye directly in front of the division line to be read. 
Record the results of the work, each as soon as obtained, in the note- 
book, using the centimeter as the unit. Thus 4 cm. and 3 mm. should be 
written 4.3 cm. The record may be in the following form : 

A. Measurement of the Length. 

Upper front edge 15.7 cm. 

Lower front edge 15.9 " 

Upper rear edge 16.0 " 

Lower rear edge 16.1 u 

Average .... 63.7 -*- 4 = 16.920 cm. 

Notice that while the computation gives 15.925 cm. we reject the .025. 
We do so because the actual measurements were made only to tenths. 
The .025 is useful simply to show that the result is nearer 15.9 than 16.0 
cm. ; hence we conclude that the true length is 15.9 cm. to within .1 cm. 
Always remember to use this method when you compute results from 
experimental data. 

In the same way find the average width, 2?, and the average height, C, 
of the block. 

Follow the directions given for making an experiment carefully, but 
not thoughtlessly. Try to know why the work should be done in just 
that way. Test the need of it by trying to do the work some other 
way. Thus : Place the meter bar on Us side along the line to be measured, 
and see why it should be placed on its edge. Try to read the scale by 
placing the eye not directly in front of the division mark to be read. 

Experiment 2. — Object. To measure the diameter of a ball to within 
a millimeter (.1 cm.). 

Place the ball between two square-cut blocks, a and b (Fig. 2), whose 
faces are pressed against a third block, c. Measure the distance across 
from a to b with a meter bar pressed against the faces of a and b. Meas- 
ure the diameter of the ball in several directions. Record each observa- 



16 



MATTER AND FORCE. 



[§3. 




tion as in Experiment 1, and compute the average. To obtain a correct 
result, the faces of the blocks must be cut truly u square," and the thick- 

ness of a and b must 

exceed the half diam- 
eter of the ball. Study 
the operation until you 
can give reasons for 
these precautions. 

Experiment 8. — Ob- 
ject, To measure the 
diameter of a small wire 
to within .01 cm. 
Since the " least count " (§ 3, a) of the meter bar is .1 cm., we cannot 

read to the .01 cm. directly, and hence we must resort to some indirect 

way to measure to this higher degree of accuracy. Wind the wire around 

a rod, perhaps a lead pencil, making every turn lie closely against the one 

before it, until two or three centimeters of the rod are covered (Fig. 3). 

There must be at least teu turns. Open a 

pair of dividers (Fig. 4), or calipers, until they 

will just embrace the length of the coil ab. 

Set the points on a meter bar, and read the 

length of the coil on the scale. Count the 

number of turns of wire in' the coil. Divide 

the length of the coil by the number of turns, 




Fig. 



The quotient carried to 
hundredths 1 place will be the diameter of the wire to within .01 
cm., for the length ab can be read directly to the nearest .1 
cm. The error cannot be more than this, and with care you can 
be confident that it is less than the half of it. But suppose the 
error to be the whole of .1 cm. ; since it is the error on ten 
diameters of the wire, the error on one diameter is only .01 cm. 
If the number of turns is more than ten, the total error will be 
no greater, and the measurement of the one diameter will be 
still more exact. How would you get the diameter of a wire 
to within .001 cm. ? 

Experiment 4. — Object. To compare the English and the metric 
units of length. 

Apparatus. A yardstick. A meter bar. Dividers or calipers. 

After reading the following directions, and before beginning the opera- 
tions, construct the tabular form as shown below, in which to record the 
observed numbers. 

Operations. Place one point of the dividers on one of the inch marks 
of the yardstick, and open the dividers until the other point stands 
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on another inch mark several inches away. Read the scale at each 
point and note the two readings in the table. Without opening or closing 
the dividers, transfer them to the metric scale, placing one point on one 
of the centimeter marks. Read the scale at each point, and note the two 
readings in the table. Repeat these operations three or four times, taking 
a different distance between the points of the dividers, and using different 
parts of the yardstick and the meter bar, for each trial. 



No. of 
Trials. 


Scale readings. 


Scale readings. 


Distance ab. 


Cent's 
= linen. 


1 
2 
3 


a. 

in. 

ti 

tt 


b. 

in. 

it 

u 


a. 

cm. 

tt 

tt 


b. 

cm. 

_____ tt 
tt 


in. = cm. 

tt tt 

tt tt 






Computations. Find the distance between the points of the dividers, 
first in inches, then in centimeters ; it is the difference between the scale 
readings on the yardstick and meter bar respectively, in each trial. 
Enter these in the table. 

Find the number of centimeters equal to one inch in each trial. Enter 
these in the table. The results of several trials are expected to differ 
(§ 3, c) ; but if the experiments have been well made, the difference will 
be small. No single result is likely to be accurate ; one may be too large, 
another too small. Each is just as likely to be too small as too large. In 
every such case the average is nearer the truth than any one of the separate 
values. Hence, find the average (§ 3, b) of all the values obtained, and re- 
port your conclusion ; thus : 

1 inch — cm. to within cm. , an average of trials. 

Compare your observed value with the value to be found in the books. 

Knowing this equivalent value of the inch and the centimeter, the equiv- 
alent values of other units may be found. 

Compute the number of centimeters in one foot ; in one yard. How 
many inches in one meter ? (Appendix I., d.) 

B. Volumes, a. The laboratory unit of volume is the cubic 
centimeter (cc.). The volume of a rectangular solid may 
be computed if the average length, breadth, and thickness 
have been measured (§ 3, A, a). Thus compute the vol- 
ume of the block whose dimensions have been measured in 
Experiment 1. 

coolet's phys. — 2 
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But this method cannot be used to measure the Tolumes of 
liquids, nor of irregular solids. 

b. For measuring the volumes of liquids, graduated vessels 
are employed. These are usually cylindrical glass vessels with 
scales etched upon them. Their sizes and shapes are various. 

Two are shown in Fig. 5. A is a " gradu- 
ated cylinder/' and B is a "conical gradu- 
ate." To measure the volume of a liquid, 
we put it into the measuring glass, and read 
the scale division at its surface. But the 
surface of a liquid, especially in a narrow 
vessel, is not quite flat ; wherever it touches 
the walls it is curved. In the case of water 
O^tJ CS^> \ and other liquids which we are lia- 
ble to meet with, except mercury, 
the surface is lifted, as shown in 
Fig. 6. The scale mark on which the lowest point of the 
curved surface rests, is the one to be read ; and in order 
to read it correctly, always place the eye on a level with 
the mark. Why ? The vessel must be vertical. Why ? 

c. The volume of an irregular solid may be readily FJ * 6 * 
measured by immersing it in water in a 
graduated cylinder. For a solid, which 
does not dissolve, must displace just its 

-L - |J own volume of water when it is wholly 

rf in| immersed, and the volume of water dis- 

placed is shown by the scale on the 
cylinder. 

Experiment 5. — Object. To find the vol- 
ume, in cubic centimeters, of a fragment of 
stone or some other insoluble substance. 

Fill a graduated cylinder (A, Fig. 7), ex- 
actly to a certain mark with water. In doing 
this bear in mind the three precautions empha- 
sized in b. Note the number of cubic centimeters, reading to the least 
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count of the scale. The stone may then be dropped with care into the 
water, or suspended by a fine thread (B, Fig. 7). Any clinging air bub- 
bles must be shaken off. The scale reading now shows the volume of the 
water and stone together, and the difference between the two readings 
is the volume of the stone. The record in the notebook may take this 
form : 

Volume of the water alone 25.5 cc. 

Volume of the water and stone 30.8 cc. 

.*. The volume of the stone is 5.3 cc. 

d. The volume of a solid body is not always the volume 
of the substance in it. If we take 25 cc. of small shot in a 
measuring glass, we do not get 25 cc. of lead. No porous or 
granulated substance fills all the space it appears to occupy. 
Why? 

Experiment 6. — Object. To find the volume of sand in 25 cc. of dry, 
coarse sand, by displacement of water. 

Fill a graduated cylinder to the 25 cc. mark with the sand, taking care 
to make its surface flat. Put more than 25 cc. of water into another 
graduated cylinder, and read its volume accurately. Pour the sand into 
the water, and faithfully remove all the air from the sand. If you use a 
glass rod to stir it, let the last drop of water fall back into the jar when 
you take it out. Record your results as in Experiment 5. 

4. Mass. — a. By the mass of a body we mean the quantity 
of matter it contains. The word is also used in another 
sense ; bodies themselves are called masses. In what fol- 
lows, this sense is not intended; mass refers to quantity of 
matter. 

b. We cannot judge of the mass of a body by its size. 
There is more matter in an iron ball than in a wooden ball 
of the same size (why ?), and the same iron ball is larger when 
hot than when cold. Mass is not proportional to volume, but 
to another property called inertia, which must now be defined. 

c. We know by experience that bodies resist our efforts to 
move them, or to stop them when in motion. Sir Isaac 
Newton first pointed out the following law, which is known 
as Newton's First Law of Motion : 
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If a body at rest were left entirely to itself it would rest forever, 
or if in motion, it would move forever without any change in its 
direction or its speed. 

Now that property of matter by virtue of which a body 
opposes any change whatever in its existing condition of rest 
or motion, is called inertia. 

d. You can detect the existence of inertia in a " nickel " by 

the following simple experiment : 

Experiment 7. — Place a visiting card, with a string attached to the 
middle of one end, on the top of an upright spool (Fig. 8), and lay the 
coin on the card as shown in the figure. Pull the string suddenly in a 
horizontal direction ; you should thus twitch the card off the spool but 




Fig. 8. 

leave the coin behind. The nickel resists the force which moves the 
card, else it would go with it. 

Repeat the experiment, but pull the card away gradually ; the coin will 
not be left behind. The inertia is the same as before, and the pull may 
be no greater, but it lasts longer. Time is required to transmit, from the 
card to the coin, the energy by which the inertia is overcome. 1 

e. We connect inertia with quantity of matter in this way : 
It is a property of matter, not of any one kind of matter alone, 
but of all kinds. We may therefore fairly infer that the more 
matter there is, the more inertia there must be. So a body 
which requires a stronger pull to put it in motion than an- 
other requires under the same conditions, contains a larger 
quantity of matter. 

1 See Daniell's Principles of Physics (1894), p. 147. 
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/. Practically, we can compare the quantities of matter in 
two bodies by comparing the earth-pull upon them. We 
know that the earth does pull every body towards itself. Rain- 
drops, leaves, — all things when not supported, — are pulled to 
the ground by the earth. Now the earth-pull on two bodies 
may be balanced, one against the other. Then, if neither body 
moves, the two must contain equal quantities of matter. Let us 
have a bar (AB, Fig. 9) perfectly uniform in ___ 

matter and size from end to end. Such a f 

A \ B 

bar, if suspended at its middle point, C, will y * ■ > 

be found to rest in a horizontal position. L I 

The earth pulls the two halves, AC and F1 ^ 9 . 

CB; if either were to go down, the other 
would go up, and if neither can go down, the two pulls are 
equal. Hence AC and CB contain equal quantities of mat- 
ter. For the same reason, if two bodies, m and n, balance each 
other on the opposite ends of a uniform bar supported at its middle 
point, they contain equal quantities of matter. 

g. There are two fundamental units of mass. The English 
unit is a certain quantity of matter which is called a pound. 
The French unit is another certain quantity of matter which is 
called a kilogram. These units are embodied in standards. 
The English standard pound is a small block of platinum kept 
in the office of the standards, London. The French standard 
kilogram is a block of platinum which is preserved in the 
French Archives. The quantities of matter contained in these 
blocks are the units of mass, because they have been declared 
to be such by the respective governments. A " pound of sugar " 
is simply a quantity of matter equal to the quantity contained 
in that "standard pound" in London. 

h. Larger and smaller units have been obtained from these 
fundamental units. A ton contains 2000 times as much matter 
as that in the standard pound, while an ounce, avoirdupois, con- 
tains yiy as much matter as that in the same platinum block. 
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The unit of mass in laboratory experiments 
The gram is .001 of the kilogram. The subdifl 
gram are the tenth, or decigram, the hundredtlH 
and the thousandth, or milligram. These are J 
and read as decimals of the gram; thus: 8 gra.n 
4 centigrams, and 1 milligram should lie writt 
should be remembered that a gram is, practice 
of matter equal to that contained in 1 e.e. of pur 
5. Instruments and Operations. — a. The instJ 
to find the masses of bodies are a balance and a 
masses, or, as they are usually but inaecurately 
We shall describe two kinds of balance, — ttit 
and the spiral balance. 

b. The beam balance has many forms, hut ifc 
the same principle, — that which was explained 

9, A co 
form is s 
Notice tr 
;it its eei 
that its >■ 
fall witll 
Notice ttfl 
ing by Avi: 
ends of tL 
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Fig. 10. 



the scale 
the pillar 
pointer wl 



the beam, moves along the scale as the beam 

that all these parts are protected by a glass 

count of such a balance is .001 g. (1 mg.). The student rar^i* 

needs to reach a higher degree of accuracy than this, and • 

most experiments .01 g. is sufficiently exact. Balances wh< 






least count is .01 g. are coarser in construction and are consi ^i 
erably less expensive. ~~ 
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, A set of masses, of known value, are to be used with 

)eam balance. They are carefully kept in a neat box, as 

luwu in Fig. 11. The smallest of these box masses t in the 






<3 S; 



f 





Pi B ii 



rant row at the left, is 1 g. Multiples of a gram follow, 

1 we find the largest one at the right, 100 g. The deci- 

, of a gram, arranged each in its own compartment, are 

shown in the rear; they range from .X g. down to .001 g. 

</. The operation of finding the mass of a body is called 

ighhig* It consists in placing the body whose mass is to be 

nd in the I eft- hand pan of the balance, and then putting box 

masses into the other pan until the two are balanced (§ 4,/). 

sum of the box masses used is the mass of the body. 

& But a good beam balance is a very delicate instrument. 

i mist be handled with care, because rough usage will soon 

ml surely render it useless for any accurate work. It should 

led by the student under the direction of the instructor, 

it a few of the main points to be observed are the following: 

1. The instrument .should be level. Test it with a spirit 
rel, and, if need be, lift the lower corners by putting pieces 

of paper under them. 

2, The pans should be clean. Remove dust by means of a 
camelVhair brush. 

1 M Weighing " i s n °t the operation of finding the weight of a body, but its 
mass. To find weight, something timre is necessary, a* we shall st e (§ 13,/). 
The term has come down from tlie time when the difference between mass 
and weight was not clearly aeeu. 
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3. The pointer should swing through equal distances on 
opposite sides of the middle line of the scale. A few grains 
of sand in one pan will correct any slight deviation, or the in • 
structor may adjust the beam by turning the screws at its ends. 

/. By these adjustments the balance is made ready for use. 
The following directions are to be strictly followed : 

1. The beam should never be violently jarred or jerked; 
hence put the masses on the pans gently and remove them 
carefully. 

2. Air currents should not strike the pans ; hence the case 
may be closed, if necessary, after each change of masses on 
the pan. 

3. The moisture of the fingers corrodes the box masses and 
changes their values ; hence handle them with forceps only. 

4. Use the box masses in regular order. First find one 
which is just a little too small. Then add smaller ones, trying 
them in the order of their places in the box, until the right 
quantities are obtained. Random choices waste much time. 

Experiment 8. — Object. To measure the mass of a beaker to the 
nearest milligram (.001 g.) by means of a beam balance. 1 

Place the beaker, which must of course be clean and dry, on the left- 
hand pan of the balance, and proceed, under the direction of the teacher, 
according to the instructions given in e and /. 

Experiment 9. — Object To find the length of a twisted piece or coil 
of wire, by means of a beam balance and meter bar. 

Operations. — 1. Find the mass of the twisted piece or coil as directed 
in c, /, and Experiment 8. Denote it by M. 

2. Find the mass of a straight piece of wire of the same material and 
diameter. Denote it by m. Also find the length of this straight piece 
by the meter bar, and denote it by I. Record the observations thus : 

Mass of the straight wire . . . . g m. 

Length of the straight wire . . . . cm. . . . I. 

Mass of the twisted wire .... g M. 

Computations. Find the average mass of a centimeter of the wire ; it 

1 If a coarser balance must be used, find the mass to the least count of the 
balance. 
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is m 4- Z, or g. per cm. Then find the length sought of the twisted 

wire or coil ; it is M •*- number of grams per centimeter. 

g. The action of the spring balance depends on the elasticity 
of a spiral of wire. The principle will be explained in a future 
paragraph (§ 13), but the use of the bal- 
ance may be described here, because 
this instrument is an excellent substi- 
tute for the beam balance in much of 
our laboratory work, and it is less costly 
than a beam balance of equal accuracy. 

Fig. 12 represents the spring balance 
in its best form, known as Jolly's bal- 
ance. Notice : A spiral spring, AB; 
scale pans, C,D; & scale upon the pillar 
behind the spiral to measure the elon- 
gation produced by a body in C. This 
scale is etched, in millimeters, on looking- 
glass. The index is a white bead just 
below B. The pan D, in water, deadens 
the vibrations, and thus saves time. It 
is useful also when a body is to be 
weighed in water. 

Experiment 10. — Object. To find the mass 
of a body by means of a Jolly 1 s balance. 

Operations. Put water into D until its sur- 
face will be above the triangle of supporting 
wires when the pan swings free from the walls * 
and bottom. Lift D until the pan hangs in 
that position. To read the scale: Place the 
eye so that the index is exactly in line with its 
image in the mirror, and read the scale division which lies exactly in the 
lin£ of sight. (It will be half way between the highest and lowest points 
of small vibrations.) Denote this reading by m. This is the starting 
point, or zero reading, from which all elongations are to be measured. 
Lower the platform D; place the body to be weighed in pan C ; adjust 
the height of D so that the pan will again be in the center of the water ; 
read the scale again, and denote the reading by I. 




Fig. 12. 
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Remove the body from C, and put box masses in its place until the 
same reading is obtained. The sum of the box masses equals the mass of 
the body. The record may stand as follows : 

Scale reading with empty pan .... 

Scale reading with the in the pan 

Box masses to obtain the same reading, Z. 
.*. The mass of is g. 

It is desirable to repeat the weighing, and take an average as the mass 
of the body. If possible, adjust the index to a different starting point on 
the scale by raising the support S. 

It is not always easy to read the scale, because the lines on the mirror 
are indistinct. To obviate this difficulty, make a hole about J of an inch 
in diameter in a small sheet of cardboard. Place the balance with its 
back toward a window. Look through the hole and the scale will appear 
to be on a dead white surface — the image of the cardboard in the mirror. 

6. Density. — a. A rubber ball is smaller when under press- 
ure than when it is not, but it contains the same quantity of 
rubber. An iron ball is larger when it is hot than when 
it is cold, but it contains no more iron. The same mass may 
have different volumes under different circumstances ; so that 
1 cc. of it contains different quantities. Think of the volume 
of cork that would be required to balance a pound of iron; 
but notwithstanding the great difference in their volumes the 
masses of the cork and iron would be equal. 

The property of matter by virtue of which equal volumes 
contain different quantities is called density. 

b. We describe the density of any particular substance by 
stating the quantity of matter contained in one unit volume. 

Thus we have seen that the quantity of matter in 1 cc. of 
pure water at 4° C. is 1 g. (§ 4, h). The density of pure water 
at that temperature is therefore said to be "1 g. per cc." So 
likewise we describe the density of cast iron as 7.2 g. per cc. 

c. The relation between volume, mass, and density in all 
cases is illustrated by the following example: - 

Suppose that a block of marble is 5 cm. long, 3 cm, wide, and 
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2 cm. thick, and that its mass, found by the balance, is 81.6 g. ; 
what is its density ? 

The question amounts to this : How many grams are there 
in one cubic centimeter of this block ? The number of cubic 
centimeters in the block is 5 x 3 x 2, or 30. Hence one cubic 
centimeter contains — j- or 2.72 g. So the density of marble 

is found to be 2.72 g. per cc. 

In like manner the density of any substance may be com- 
puted. We may write the general value of density briefly as 

f ollows : mass 

Density = - ma8S 



volume 



Example. — The mass of a piece of iron, found by the balance, is 10.66 
pounds. The piece is rectangular and measures 6 inches in length, 4.5 
inches in width, and 1.5 inches in thickness; what is the density of the 
iron ? Ans. 4. 17 ounces per cubic inch. 

•d. The experimental work to be done in order to find the 
density t)f a substance consists in measuring the mass and the 
volume of some convenient portion of it. 

The measuring bar and balance are the instruments em- 
ployed for solids, except when the specimen to be measured 
is irregular in form, and then the volume may be found by the 
method of displacement (§ 3, B, c). Of liquids, the volumes 
may be found by means of accurately graduated measuring 
tubes, and the masses by the balance. But of gases, neither 
volumes nor masses can be measured by these instruments 
alone ; more complicated methods, which need not be studied 
now, must be adopted. 

Experiment 11. — Object. To find the density of marble. 1 

1. A piece of the stone is trimmed to such size and shape that it will 

easily enter a graduated cylinder. Measure the mass of the stone by a 

balance (§ 5, a). 

1 Or any other solid which can be wholly immersed in water without dis- 
solving. If it be wood, a slender wire may be used to push it below the surface 
of the water. The volume found will be a little too large on account of the 
wire, but you can make the error very small if you try. 
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■e its volume by displacement of water (§ 3, B, c). 
te the density (§ 6, c). 

ty, mass, and volume are so related (§ 6, c) that any 
three values can be computed if the other two are 

t^ •*. mass 

Density = 



r 



volume 
Mass = density x volume. 
Volume = mass -r- density. 

. — 1 . How many grams in a block of cast iron which at a 
of 4° C. is found to be 15 cm. long, 3.6 cm. wide, and 2.4 cm. 
iensity of iron at that temperature is 7.2 g. per cc. ? 

Ans. Mass = density x volume = 7.2 x 129.6 = 933.12 g. 
tany cubic centimeters in a block of pine wood whose density 
«., its mass, found by the balance, being 76.4 g. ? 

Ans. Volume = mass -j- density = 75.4 -*- .66 = 114.24 cc. 
te the mass of a square-cut granite building stone whose 
Ith, and thickness are respectively 4 feet, 2 feet, 1.6 feet, if 
f granite is 1.5 ounces per cubic inch. 

compare the densities of different substances with 
ae one particular substance, the numerical ratios are 
ive densities. For example : If the density of water 
ces per cubic inch, and the density of cast iron is 
3 per cubic inch, then the ratio of the density of 
> that of water is 4.17 -f- .578, or 7.2. That is to say, 
of cast iron is 7.2 times the density of water. 
ive density of any substance is the ratio of its mass to 
jual volume of a standard substance. Unlike density, 
joncrete, but a numerical, value. (Appendix III., 2.) 
onservation of Matter. — a. In all the changes which 
Ddies there is neither loss nor gain in the quantity 
vhich exists. 

;ement seems to contradict some of the most familiar 
is. What, for instance, becomes of a candle when 
ay ? What becomes of water when it evaporates ? 
ents show that in all such cases the substances 
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change into other kinds or forms which are invisible, while the 
quantity remains unchanged. In the case of the boiling water 
we may catch the vapor in a cold vessel, which will change it 
back to water, and, by the balance, we can find the same quan- 
tity as before the apparent loss occurred. 

In any case, by preventing the escape and loss of any portions, 
we can find by the balance that the quantity of matter after 
the change is the same as before it occurred. 

8. Studies. — 1. If one of the small cubes used in playing back- 
gammon, or dice, is just 1 cm. on each side, and it be dropped into pure 
water at a temperature of 4° C, what mass of water will it displace ? 

2. If we should find by the balance that the mass of the cube is 1.92 g., 
what is the density of the substance of which the cube is made ? 

3. A certain napkin ring was for sale as " solid silver." Now the 
density of standard silver for such articles, which always contains some 
copper, is about 10.3 g. per cc. The mass of the ring was found to be 
103.2 g. Its volume, found by displacement of ice-cold water, was about 
12 cc. Compute the density of the substance in the ring. Then decide 
whether the ring was good silver, as was claimed by the dealer. 

4. If the density of ice is .93 g. per cc, what is the volume of 1000 g. 
of ice ? What is the volume of the same mass of ice-cold water? 

5. What is the size, or volume, of the piece of ice which the ice-man 
should leave daily, who agrees to deliver 175 pounds a week ? 

THE MUTUAL ACTION OF BODIES. 

Introduction. — We have seen (§ 4, c) that inertia is a prop- 
erty of matter which causes every body to stay persistently in 
whatever condition of rest or motion it may be at any time. 
It cannot change its own condition, and, more than this, every 
body actually resists every effort from other sources. How, 
then, can the changes which are constantly going on every- 
where be explained ? We are now to study this question. 

9. The Mutual Action of Bodies. — a. Whenever any change in 
the condition of matter occurs, it will be found that at least 
two bodies are concerned in producing it. 
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For example : In baseball the motion of the ball is stopped 
and reversed by the bat. But the ball and the bat are equal 
partners in these changes. The ball strikes the bat as really 
as the bat strikes the ball. And in every case it is the mutual 
action of different portions of matter that causes whatever change 
occurs. 

b. This mutual action must overcome every hindrance before 
any change can take place. Inertia (§ 4, c) is always one hin- 
drance ; others exist also. For example : It would require an 
effort to start a carriage, because of its inertia, even if the 
road were polished glass, or better still, absolutely smooth. 
When the carriage is on a common road there is the same 
inertia, and, in addition, there is the resistance due to the 
roughness of the road. Both of these must be overcome by 
the mutual action of horse and carriage, in order to start the 
carriage or to produce any change in its speed after it has 
been started. 

c. All bodies are acting upon one another all the time. If 
in any case their action is strong enough to overcome every 
hindrance, motion is produced ; as when the mutual pull of the 
earth and an apple causes the fruit to break away from the 
bough and fall to the ground. If the mutual action of bodies 
is not strong enough to overcome the resistances, it produces 
sometimes pressure and sometimes tension. For example: 
There is pressure of a pile of books upon a table, because 
the mutual pull of the earth and books is not so strong as 
the resistance of the table. And when a mass of iron is 
suspended by a cord from a firm support, there is tension 
in the cord, because the mutual pull of the earth and iron 
is resisted by the cord. 

d. Newton was the first to point out the fact that the action 
between two bodies is mutual. His Third Law of Motion 
states that with every action there is always an equal reaction in 
the opposite direction. Action and reaction are the two phases 
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of the one mutual action, each due to one of the two bodies 
between which the action occurs. 

e. Take the case of two persons (A and B, Fig. 13) pulling 
against each other by a rope, neither being able to overcome 
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Fig. 13. 



Fig. 14. 



the other. Their mutual action consists of two parts: A's 
pull on B towards the right, and B's pull on A towards the 
left. These two parts are equally strong and in opposite 
directions. If B pulls with the same strength against a fixed 
hook (Fig. 14), the action is the same. It will consist of B's 
pull to the left and the hook's pull to the right, these two 
parts being equal in strength and opposite in direction. 

/. The same thing is true if the action is a push instead 
of a pull. Take the case of a boy pushing a loaded car 




Fig. 15. 

(Fig. 15). He pushes against the car, but the car pushes back 
against him. There is but one action, but it is with equal 
strength both ways at once. 

g. In every case we are likely to ascribe the action to the 
body which we regard as the more important one of the two 
between which the mutual action occurs, and the reaction to 
the other. Thus when a pile of books rests upon a table 
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Fig. 16. 



(Fig. 16), we would say that the books act upon the table and 

that the table reacts 
upon the books. But 
it would be just as 
correct to say that 
the table acts upon 
the books and the 
books react upon the 
table. We usually say 
that the earth acts 
upon a falling body, 
and then we should 
say that the falling 
body reacts upon the 
earth. But it would be just as correct to say that the falling 
body acts, and that the earth reacts. 

h. The mutual action of two portions of matter is generally 
called force. But when using this single word, we should 
always remember that the action it describes is twofold, 
consisting of an action and a reaction, and can take place 
only when at least two portions of matter are concerned. 

10. Motion. — a. Motion may be defined as a continuous 
passage from one place to another. Now it is evident that 
two places must be separated by a distance, and also that 
the passage of a body from one place to another must take 
some time. Hence any body in motion must have a time 
rate of displacement The full meaning of this statement 
should be understood. 

b. Displacement means any change in the place of a body 
with respect to a given point. A body may be going in a 
straight line away from a given point; in this case its dis- 
placement consists in a change in its distance only. But it 
may be going in the circumference of a circle with the 
given point as the center; in this case its displacement 
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consists in a change in its direction only. It is easy to see 
that in other cases displacement may consist in change in 
both distance and direction. 

Time rate means a certain quantity of anything per second 
or per hour. If a man receive three dollars for ten hours' 
work, the time rate of his wages is thirty cents per hour. 
So a time rate of displacement means a certain amount of 
change in distance or direction per unit of time. 

c. The time rate of displacement of a moving body is also 
called its velocity. Velocity is often said to be "the distance 
which a moving body traverses in a unit of time/' but this 
definition is at fault because it does not clearly involve the 
idea of change in direction. The time rate of a moving body 
without regard to the direction of displacement, is now called 
speed. The velocity of a ball thrown from the hand includes 
the rate at which it moves away, and at the same time the 
rate at which its direction changes. Its speed is the rate at 
which its distance changes. Thus we speak of the speed of 
a bullet as, say, 500 feet per second. 

d. But it is well known that the velocity or speed of a body 
does not usually remain the same for any great length of time ; 
it may not remain constant even for a second. It must be 
understood that we mean the average velocity or speed, when- 
ever we assign a value. If we say that the speed of a bul- 
let is 500 feet per second, we should mean that if its time 
rate did not change, its displacement would be 500 feet per 
second. But perhaps it starts with a rate which, if kept up, 
would carry it 550 feet a second, and at the end of the second 
has a rate of only 450 feet per second. The distance it goes in 
the second is (550 4- 450 -*- 2) 500 feet — the same as if it had 
started with a rate of 500 feet per second and kept it to the end. 
This 500 feet per second is the average velocity of that bullet. 
A motion in which the average velocity is the same in succes- 
sive seconds is called uniform motion. 

COOLBY'S PHT8. — 3 
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e. The numerical value of a velocity or speed in a uniform 
motion is found by dividing the whole distance which a body 
goes in a given time by that time. For example: If a ball 
rolls, on smooth ice, a distance of 100 feet in 5 seconds, its 
average speed is 100 -*- 5, or 20, feet per second. 

Velocity = distance -*- time. 

In any motion, however varied, the whole distance passed 
over, divided by the time it took, will give the average velocity. 

11. Motion as a Measurable Quantity.— a. Newton pointed out 
three " Laws of Motion." We have stated the first and the third 
already. The Second Law of Motion states that any change 
of motion is proportional to the force which produces it, and takes 
place in the direction of the straight line in which that force acts. 

b. Suppose a mass of 10 g. and a mass of 1 g. are to be put 
in motion with equal velocities, with no hindrances except in- 
ertia. The mass of 10 g. will take ten times as much force as 
the mass of 1 g., because its inertia is tenfold greater (§ 4, e). 
But Newton's Law says that the motion produced is propor- 
tional to the force which produces it. Hence there is ten times 
as much motion in the 10 g. as in the 1 g. And in general : 
The quantities of motion in bodies, when their velocities are 
equal, are proportional to their masses. 

c. But it takes ten times as much force to impart ten times 
the velocity to the same mass, because, again, there is ten times 
as much inertia to overcome. And, according to the law, there 
is ten times as much motion produced. In general : The quan- 
tities of motion in bodies, when their masses are equal, are pro- 
portional to their velocities. 

d. We may briefly write the two facts just stated as follows : 

Quantity of motion varies as mass x velocity. 

And when the numerical values of the three quantities are 
found, we have : 
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Quantity of motion = mass x velocity. 
Thus if 50 g. is moving at the rate of 25 cm. per second, the 
numerical value of its motion is 50 x 25, or 1250. This prod- 
uct — mass x velocity — is, in physics, called momentum. 
Mass x velocity = momentum. 

Example. —A building stone whose mass was 160 pounds, fell from 
the wall. Its speed, of course, increased as it went down, but it was 64 
feet per second when the stone struck the ground. What was its 
momentum when it struck? Am. 0600 units of momentum. 

A unit of momentum is the momentum of a unit mass with 
unit velocity. No name has been assigned to this unit. 

12. Force as a Measurable Quantity. — a. There is no way to 
measure the mutual action of two bodies directly, but we can 
measure its effects. By measuring its effects we indirectly 
measure force itself. Now the effects of force are motion, 
pressure, and tension. We will first explain how a force may 
be measured by the motion it produces, and afterward explain 
and describe the method of measuring it by the tension it 
produces. 

b. If we use momentum in place of the indefinite term 
motion, Newton's Law declares that force is proportional to 
the change of momentum which it produces. In other words : 
Force varies as mass x change in velocity. 

The term acceleration is useful at this point. It is used 
instead of the expression change in velocity. Acceleration is 
the velocity which is either added or subtracted per second. 
Hence we have: 

Force varies as mass x acceleration. 
If these three quantities are measured in their proper units, 
and if we use initial letters for words, we have : 

F=Mx a. 

For example : If the velocity of 50 g. at the end of the first 
second has been found by experiment to be 10 cm., and at 
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the ends of succeeding seconds to be 20, 30, and 40 cm. per 
second, its acceleration is 10 cm. per second, and the force 
which produces the motion is 

F= 50 x 10, or 600, units. 

c. There are two units of force, which are known as the 
poundal and the dyne. A poundal is the force required to 
increase or diminish the velocity of 1 pound by 1 foot per 
second. A dyne is the force required to increase or diminish 
the velocity of 1 g. by 1 cm. per second. 

Examples. — 1. If a stone whose mass is 75 pounds is rolling down hill, 
and its speed increases at the rate of 20 feet per second, what is the strength 
of the earth-pull which causes the motion ? 

Arts. 76 x 20, or 1500 poundals. 

2. If the mass of the rolling stone is 35 kilograms, and its speed in- 
creases at the rate of 8 meters per second, what is the strength of the earth- 
pull which causes the motion ? Ans. 35,000 x 800, or 2,800,000, dynes. 

13. Force measured by Tension. — a. The measurement of 
forces by the tension they produce is carried 
out by means of an elastic spiral of wire. 
The elongation of a perfectly elastic body is 
proportional to the force which stretches it 
Thus: If a spiral of spring-brass wire (op, 
Fig. 17) is fixed at one end, a, it will be 
stretched by any pull downward on the other 
end. For example: A ball may stretch it 
until its length becomes ap'. If the spiral 
were perfectly elastic, the pull of two such 
balls would elongate it just twice as much, 
— : -<f three times the pull three times as much, 

" and so on. But if the strain has not been 

too great, the spiral will afterward return 
to its original length. Hence, we may take 




Fig. 17. 



the elongation of the spiral, be, bd, and so on, which we can 
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measure by a linear scale, as the measure of the force, which 
we cannot measure directly. 

b. The spring balance (Fig. 18) is an instrument for measur- 
ing forces by the elongation of a spiral spring. 

The spiral is inclosed in a metallic case with a ring 
at one end. It is fixed at that end and carries 
an index, i, at the other. To the index end a rod 
and hook are attached. Each scale division shows 
the elongation of the spring by any pull equal to 
that of the earth on a unit mass, — as a gram, or 
an ounce. 

Jolly's balance (Fig. 12) is a spring balance of 
finer construction for laboratory uses. It is more 
accurate because its spiral is more nearly perfectly 
elastic. 

c. The unite of force, for commercial uses, are, 
first, the earth-pull on a pound or an ounce, and 
second, the earth-pull on a kilogram or a gram. FJg# 18# 
These are called the gravitational unite of force. 

But these gravitational units do not have the same value the 
world over, because the earth's attraction on the same mass is 
stronger at some places than at others. They are variable 
unite. For scientific purposes absolute unite 9 — that is, units 
whose values are the same the world over, — are used. These 
are the poundal and the dyne (§ 12, c). They are invariable 
because they are the forces which overcome the inertia of 
certain definite masses, and the mass of a body is the same 
the world over. 

d. Now it has been found by experiment that, in the lati- 
tude of New York, the earth-pull will add a velocity of 
32.16 feet per second every second to a pound which is falling 
freely. Hence the earth-pull on a pound at places in that 
latitude is 1 x 32.16, or 32.16, poundals. Likewise the earth- 
pull on a gram has been found to add a velocity of 980 cm., 
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and hence its value is 980 dynes. So a pound stands for 32.16 
poundals, and a gram for 980 dynes, at aU places in the latitude 
of New York. In different latitudes their values in poundals 
and dynes are different. 

e. All this being known, it is evident that a force may be 
measured by causing it to elongate the spiral of a spring bal- 
ance ; then finding the box masses which will produce the same 
elongation ; and then multiplying the pounds by 32.16, or the 
grams by 980, as the units used are English or French. 

Experiment 19. — Object. To measure the earth-pull on any conven- 
ient body by a spring balance. 

1. Suppose we have a well-made spring balance graduated to pounds 
or grams, — that is to say, the division marks showing the elongations of 
the spring by the earth-pull on pounds or on grams. Place the body 
upon the hook or in the pan ; hold the balance vertically ; read the index 
carefully by putting the eye on a level with it, and if the index has width, 
be sure to read the edge to which the graduation has been adjusted. Then 
multiply the reading obtained in pounds by 32.16 for the force in 
poundals, or, if in grams, by 980 for the force in dynes. Such balances 
are not expected to give the most accurate results, but with care they 
may be trusted for accuracy to the least count of their scale. They 
must be so placed that there will be the least possible friction in the 
motion of the spring. 

2. Suppose we have a Jolly's balance. Proceed, as directed in Experi- 
ment 10, to find the mass of the body. Then find the force by multiply- 
ing by the appropriate factor, 32.16 or 080. Read the scale with great 
care, and if the spring is sufficiently fine to warrant the correction of 
slight errors, consult a larger work on physics for the correct factor for 
the latitude nearest to that of the place where your experiment is made. 

/ The weight of a body is the measure of its earth-pull. 
Weight is not matter at all ; it is force, and is measured in 
poundals or in dynes. The weight of a pound is 32.16 poundals, 
because the earth-pull will increase the speed of a pound at 
the rate of 32.16 feet per second. The weight of a gram is 
980 dynes, for a similar reason. To find the weight of a body 
by a Jolly's balance, first find its mass and then multiply by 
the proper factor (e). 



II. WORK AND ENERGY. 
DEFINITIONS AND MEASUREMENTS. 

14. Work. — a. What is called work in science consists in 
putting matter in motion or changing its speed or its direction. 
To illustrate: Work is done upon a baseball by the hand 
which pitches it. And again, work is done upon the ball by 
a bat which sends it away in another direction. Work is done 
by the arm which swings the bat, and by the hands which, by 
catching the ball, stop its motion. 

In every case some resistance, or opposing force, must be 
overcome in order to put a body in motion or in any way to 
change the motion after it is produced. There is inertia al- 
ways, and there are friction, back pressure of air, gravity, — as 
the earth-pull is called, — and other opposing forces. To do 
work is to overcome such forces, and actually to produce 
motion, or some change in a motion already taking place. 

b. The work to be done in any case varies as the resistance 
to be overcome and also as the distance through which the 
motion is to occur. For example: The resistance when a 
body is lifted is the earth-pull, or gravity. We must do 10 
times as much work to lift 10 pounds as to lift 1 pound, 
because the earth-pull against us is proportional to the mass, 
and we do twice as much work to lift 10 pounds 2 feet high, 
as to lift it 1 foot, because the resistance is repeated. In 
every case we may write briefly, 

Work varies as resistance x distance. 



40 



WORK AND ENERGY. 



[§14- 



And if we can get numerical values for work and resistance 
as well as for distance, then 

Work = resistance x distance. 

This is the general equation, true in all cases. 

c. Let us see that resistance and work have numerical values 
when a body is lifted vertically. Place a pound of iron or 

other substance on a table at the foot of 
a yardstick held vertically (Fig. 19). Lift 
the pound until its base is just even with 
the 1-foot mark. This requires a definite 
amount of work, which is called a foot- 
pound. Next lift the pound to the height 
of 2 feet from the table. In this case you 
do 2 foot-pounds of work, and if you lift 
the pound to a height of 3 feet, you do 3 
foot-pounds of work. Lift another mass of 
5 pounds to the same height, and you do 
5 x 3, or 15, foot-pounds of work. In doing 
work against gravity, the resistance is al- 
ways proportional to the mass, and hence mass, which is easily 
measured, is taken to represent its value. The general equa- 
tion becomes : 

Work = mass x distance. 

Example. — A man carries a hod of bricks whose mass is 50 pounds 
up to the top of a wall whose vertical height is 60 feet. How much work 
does he do ? 

Ana. Work = mass x distance = 60 x 60 = 3000 foot-pounds. 

Thus work done against gravity is measured in terms of the 
foot-pound, which is the English gravitational unit of work. 

d. The metric gravitational unit of work is called the 
kilogrammeter. It is the work done whenever a kilogram of 
anything is lifted to a vertical height of one meter. For 
example: If the mass of a person is 75 kg., and he climb a 
ladder to a vertical height of 15 m., the work which he does 
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in lifting himself amounts to 1175 kilogrammeters. Work = 
mass x distance. 

A smaller metric unit of work is called a gram-centimeter. 
It is an amount of work equal to that which is done when 
1 g. is lifted to the height of 1 cm. 

e. Since work depends on resistance and distance only, it is 
evident that if these two are known, we can find the work done 
in any other direction as easily as in a vertical direction. Any 
kind of resistance is equivalent to a resistance due to gravity, 
and we can therefore find the work done in overcoming it by 
finding its equivalent work done in lifting a mass. For exam- 
ple : We may find the work done by an archer who bends his 
bow by pulling the string out 15 inches, or 1 J feet. The stiff 
bow resists his horizontal pull on the string as much as, say, 
12 pounds would resist his pull in a vertical direction. If so, 
then the equivalent gravity resistance is that of 12 pounds, 
and for the work done in bending the bow we have : 

Equivalent mass x distance = 12 x 1\ = 15, foot-pounds. 

Example. — If a bullet pierces a board to the depth of 3 cm. against an 
average resistance of 150 kg., how much work does it do ? 

Ana. 160 x .03 = 4.5, kilogrammeters. 

/. The foot-pound and kilogrammeter are the practical units 
of work used by engineers. But they have not the same value 
the world over, because the earth-pull on a pound or a kilogram 
is stronger in some localities than in others. Like the pound 
and the kilogram they are variable units, whereas for scientific 
uses absolute units are needed (§ 13, c). 

15. Absolute Measure of Work — a. All resistances are of the 
nature of force. In fact, every resistance is equivalent to the 
force which must be applied to produce motion in spite of it. 
On this ground we may speak of a resistance as so many 
poundals or so many dynes. A pound of matter takes one 
poundal of force to change its speed at the rate of 1 foot per 
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second (§ 12, c) ; so the resistance of one pound against any 
agent which would change its speed at that rate is 1 poundal. 
The resistance of 1 g. against any agent that would change its 
speed at the rate of 1 cm. per second is 1 dyne. Thus, for the 
work done in any case we may write : 

Work = force x distance. 

b. If we measure the force in poundals, the work will be 
found in units called foot-poundals. A fooLpoundal is the work 
done by or against a force of one poundal working through a dis- 
tance of one foot 

If we measure the force in dynes, the work will be found in 
units called ergs. An erg is the work done by or against a force 
of one dyne working through a distance of one centimeter. The 
foot-poundal and the erg are the absolute units of work. 

Example. — A stone whose mass is 35 kg. rolls down a hill with an ac- 
celeration (§ 12, b) of 4 meters per second, until, haying gone 500 meters, 
it is stopped by a rock ; how much work was done by gravity to produce 
the motion ? 

Mass = 35,000 grams. 

Force = 35,000 x 400 = 14,000,000, dynes. 

Work = 14,000,000 x 50,000 = 700,000,000,000, ergs. 

c. We have seen (§ 13, d) that the weight of a gram is 980 
dynes in the latitude of New York, and that the weight of a 
pound in that latitude is 32.16 poundals. Hence : 

The weight of a kilogram is 980,000 dynes. 
One kilogrammeter is equal to 98,000,000 ergs. 
The weight of a pound is 32.16 poundals. 
One foot-pound is equal to 32.16 foot-poundals. 

How many kUogrammeters of work was done on the rolling stone in 
the example above ? 

16. Power. — a. The amount of work done does not depend 
on the time taken to do it. Nevertheless, when work is to be 
paid for, as in all industries, the time occupied is important. 
The value of an agent, whether it be a man, or a horse, or a 
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steam engine, depends on the rate at which it can do the work 
assigned it. The rate of doing work is called power. 

b. A unit of power is work at the rate of a unit per second. 
The English unit is one foot-pound per second. The metric 
unit is one kilogrammeter per second. 

For larger powers, such as that of a steam engine, larger 
units are more convenient. Such is the horse-power, which is 
work at the rate of 560 foot-pounds per second. Thus a 10 H. P. 
engine is one that can do work at the rate of 550 x 10, or 5500, 
foot-pounds per second. Activity is another name for power 

Horse-power = po""ds x feet , 
550 x seconds 

Example. — The mass of a cubic foot of water is about 62} pounds. If 
100 cubic feet of water per minute must be raised 160 feet to a reser- 
voir, what must be the horse-power of the engine used ? 

^17. Energy. — a. A body in motion can do work on other 
bodies. For example : In the game of marbles, when one of the 
elastic balls strikes another it does work, which consists in 
driving the other from its place. But after striking the other 
the ball is soon at rest, and the moment it stops it ceases to do 
work. Its capacity for work is exhausted. The capacity to do 
work is called energy. Thus there was energy in the moving 
marble, and when that marble struck another, it expended its 
energy to drive the other away. 

Work is always done at the expense of energy. In order to 
do work of any kind, energy must be spent by the body which 
does it. This law is even more imperative than that in order 
to buy anything money or its equivalent must be spent by the 
purchaser. 

b. But no body can expend energy without having first re- 
ceived it from some other body or from some force. Keferring 
to the marbles again : The energy of the first, which it ex- 
pended in driving the second one away, was received from the 
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hand of the player; and the hand received it from the food 
which had been previously assimilated in the body. 

In the absence of the marbles themselves, Fig. 20, which 
shows four steps in the action, will be useful. In the first, 

energy is going out 
of the hand into the 
Q marble. In the sec- 
ond, that energy is 

•— » o stored in the marble 

in motion. In the 
third, the energy is 
going from the mar- 
- Q - r "* ble into another at 
rest. And finally in 
the fourth, the energy has gone from the first into the second 
marble, which is gradually expending it in the work of over- 
coming the resistance of the floor on which it rolls. 

Likewise in every case when work is done, energy is trans- 
ferred from the agent which does it to that on which it is done, 
c. We are to look upon energy as a real thing which can and 
does actually go out of one body into another when work is 
done, and which then remains stored in the other until, in turn, 
the other expends it in doing work. The following illustration 
should help to make this conception clear : 

Let a toy pail containing sand be lifted by pulling a cord 
which reaches from the pail over a grooved wheel, as shown in 
Fig. 21, A. Then fix the end of the cord upon a hook, as shown 
in B. Where is the energy which the hand expended in the 
work it did in lifting the pail ? You can find it in the lifted 
pail. To do so, let the end of the cord be taken from the hook 
and fastened to a second pail, just a little lighter than the 
first, as shown in C. The first pail will then lift the second 
to the same height that it had itself been lifted by the hand, 
as shown in D. Where did it get the energy to do this work ? 
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It received it from the hand (A). It held it stored within 
itself, while it remained suspended (B). And then it ex- 
pended it in the work of lifting the second pail. Where is it 
now? Stored up in the lifted pail (D). The whole of it? 
Not quite, because a small part has been expended to turn the 
wheel. Except this small part which has passed into the appa- 
ratus, the lifted pail contains the energy that was expended by 
the hand in the first place. 

d. Now notice that it was while the hand was in motion 
(Fig. 21, A) that it expended its energy. Also that the pail 
while in motion (C) expended the energy received from the 
hand. The energy which is actually being expended by any 
body in motion is called kinetic energy. 

e. Notice, again, that the pail (B) at rest, after having been 
lifted, contains the energy given it by the hand. Also that 
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Fig. 91. 

the other pail (D), at rest in its higher position, contains the 
energy which it received while going up. These bodies at 
rest are not doing work, but they contain the energy which 
was expended to lift them. The energy which is stored in 
bodies not doing work is called potential energy.^ 

/. Energy cannot be measured directly ; but it can be meas- 
ured indirectly by the work which it does, and the units of 
energy are the same as those of work. 

Eor example : If I lift a package whose mass is 25 pounds 
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from the floor to the top of a table 3 feet high, I expend 25 x 3, 
or 75, foot-pounds of energy. 

If a body is put in motion by a force of 1000 dynes, and 
goes a distance of 20 cm., the energy expended is 20,000 
ergs (§ 15, b). 

g. A large mass of rock, rolling down a mountain, over- 
comes all obstacles, and we know that its energy increases 
with its speed. A bullet from a gun pierces or shatters an 
obstacle, but its energy would be still greater if its mass were 
larger. In fact the kinetic energy of a body depends on both 
its mass and its speed. 

h. To find the kinetic energy of a body in motion, its mass 
must be multiplied by one half the square of its speed. For 
example : Suppose a 15-pound ball is moving at a given moment 
with a speed of 60 feet per second. Its kinetic energy, — that 
is to say, the energy it could expend, if suddenly stopped by 
another body, — is 15 x 60 2 -s- 2, or 27,000, foot-pounds. 

The operation may be represented by the equation : 

Energy = mass x speed 2 -*- 2. 
Or more briefly, by using letters in place of words : 
E = \M xv 2 . 

Example. — 10 kg. of rock is tumbling down a declivity, with speed, at 
a given moment, of 1.5 m. per second. What is its kinetic energy at 
that moment, in ergs ? 

The mass being 10,000 g. and the speed 160 cm., we have 

^=}Jfxt> 2 = ix 10,000 x 150 2 = 112,500,000 ergs. 

i. That this method is correct may be shown as follows: 
We have seen that a force is measured by the product of the 
mass moved by it and the acceleration it imparts (§ 12, b). So, 
using letters for words, we have for the force involved in the 
motion of a body, 

F=Mxa. (1) 
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But the work done by it (§15, a) is 

W=Fx8. 1 (2) 

It is proved [§ 56, e (3)] that 

«£ < 3 > 

Now for F in equation (2) put its value M x a, and for a, 

its value — , and equation (2) becomes 
Za 

W= Ma x £. 
2a 

v s 
Or, canceling a, W= M x — , or \ Mv*. 

Z 

As W stands for the work, — all the work possible for the 
moving body to do, — it represents the kinetic energy in the body. 
So we prove that the kinetic energy in a moving body is one half 
the product of its mass by the square of its speed. 

j. The absolute unit, or erg, is a very small quantity of 
energy, and requires the use of very large numbers to express 
ordinary values. On this account larger units are used. These 
are multiples of the erg. Thus : 

1 kilerg = 1000 ergs. 
1 megerg = 1,000,000 ergs. 

For example: The energy found in the foregoing example 
(p. 46), 112,500,000 ergs, may be given as 112.5 megergs. 
^8. The Conservation of Energy. — a. Experiments in great 
number, and of the most refined character, have proved that 
there is never any destruction of energy. The most that can 
take place is a transfer of energy from one body to another. 
It leaves a body which does work ; it enters other bodies on 
which the work is done. At one time it is exhibited in one 
kind of work ; at another time the same energy is exhibited 

1 * is generally used to represent the distance traversed by a moving body, 
and v to represent the speed, or velocity. They are so used here. 
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in a very different kind of work. It is differently distributed 
among bodies at different times, but the sum total in all bodies 
is not changed. 

b. The law of conservation of energy states that the energy 
in any system of bodies may be differently distributed and appear 
and reappear in different kinds of work, but in all its changes 
there is neither loss nor gain in quantity. 

In the physical universe, m atter and energy are the only 
things whose quantity cannot change. 

19. Studies. — 1. If a 30-pound cannon ball leave the cannon with a 
velocity of 1500 feet per second, what is its momentum ? 

2. What is the kinetic energy in the ball mentioned in the preceding 
problem, at the moment when it leaves the gun ? 

3. Suppose that the same ball mentioned in the foregoing problems, 
after having gone so far that its velocity is reduced to 1400 feet per second, 
strikes a wall ; what is its kinetic energy at that moment ? 

4. How can you account for the loss of energy from the ball on its 
way from the gun to the wall ? 

5. If the mass of a hammer is 150 g., and it strike a nail with a velocity 
of 40 cm. per second, how far will it drive a nail into wood which offers 
a constant resistance equal to 1000 ergs per .1 mm. ? 

6. How much work can a 4 horse-power Bteam engine do in one 
hour? 

7. Assume that a gallon of water is 8 pounds, and suppose that 
100,000 gallons must be forced up a vertical pipe to the height of 75 feet 
daily, by a steam engine working five hours per day. What horse-power 
would be required of the engine ? 

8. What horse-power would be required to run an elevator, the mass 
of which, when loaded, is 2000 pounds, to the top of a 60-foot building 
at a speed of 2 feet per second ? 

9. Work consists in putting matter in motion, or in changing the 
speed or the direction of matter already in motion, or in keeping up 
motion against friction or some other resistance. Now suppose you hold 
a dumb-bell motionless in the hand at arm's length ; are you doing any 
work ? Suppose you carry the dumb-bell in a straight line horizontally 
with perfectly uniform speed; are you then doing any work? The 
earth is moving on its axis with enormous but uniform velocity ; is it 
doing any work ? Would it be able to do work if it were to rub against 
another planet ? Does it contain energy, either kinetic or potential ? 
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THE TRANSFERENCE OF ENERGY. 

20. Media. — a. The question now arises : How is the trans- 
fer of energy accomplished ? We must consider three cases : 

1. When two bodies touch each other directly. 

2. When a third body between touches both. 

3. When they do not touch each other and no 
tangible substance exists between them. 

6. When bodies touch each other, energy may 
pass directly from one to another at the points 
of contact, as when the bat strikes a ball. 
When two bodies are separated by a third which 
touches both, energy may pass through the third, 

entering and leav- 
ing at the points 
of contact. For 
example : The en- 
g " ' ergy of the hand 

(Fig. 22), by passing through the cord, moves the ball. 

But if there is no material thing between, to carry the energy, 
it is not easy to see how it can be transferred from one body to 
another. Yet such cases are numerous. One such case! is found 
in the following experiment : 

Experiment 13. — A magnetic 
needle NS (Fig. 23) usually points 
north and south, when at rest. 
But bring the south end of a 
magnet to within a few inches 
of the north end of the needle, 
and that end will swing toward 
the magnet. 

A mutual action between the 
magnet and needle is evident, 
but how is it transmitted ? Not 

by the air, nor by any other kind of ordinary matter, since the result is 
the same when the experiment is made in a vacuum. 
coolet's phts. — 4 




Fig;. 83. 



50 WORK AND ENERGY. [§21. 

c. In such cases energy must be transferred in one of two 
ways : It must leap from one body to the other through empty 
space, or it must be carried by something in space which we 
cannot see or otherwise detect. The latter view is the one 
generally accepted. 

For the transmission of energy through what seems to be 
empty space, there is supposed to be a medium which we can 
not detect by any of the usual tests for matter. It is called 
ether. This intangible substance is supposed to fill all spaces 
which are not actually occupied by ordinary forms of matter. 
It is believed to fill all the little spaces between the minute 
particles of which all bodies consist, and also the vast spaces 
between the earth and sun and stars. . 

*21. Attraction and Repulsion.— a. By the mxUual action of 
bodies when npthing but the ether exists between them, they 
.<— ^* are sometimes pulled nearer together 
\ and sometimes pushed further apart. 

** Experiment 14. — Select two needles about 
two inches long. Magnetize them by drawing 
each one along, from point to eye> point fore- 
most, across one end of a magnet (Fig. 24) four 
or five times, carrying it back each time in the 
arc of a circle. Thrust each needle through a 
thin cork ; place them a little distance apart on 
the surface of water (Fig. 25) with both points 
down. Each will appear to drive the other 
p7 ^ away. Repeat, to see whether the separation 

may not have been accidental. Then turn one 
point up, and repeat the experiment Each 
will seem to pull the other toward itself. 
That these motions are due to nothing but 
Fig. »5. tne mutual action of the two needles is proved 

by the fact that they will occur in a vacuum, 
showing that the air has nothing to do with it, while the water used in the 
experiment serves only to float the needles so that they can move easily. 

The mutual action of bodies by which they are drawn toward 
each other is called attraction. The mutual action of bodies 
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by which they are pushed away from each other is called 
repulsion. 

6, It is customary to speak of attraction or repulsion as if 
it were exerted by one of the bodies only, as when it is said 
that an apple falls from a tree because it is attracted by the 
earth. In so doing we speak a half truth. We neglect the 
fact that the apple attracts the earth no less than it is attracted 
by the earth. No harm results from this if only we know that 
we are doing so. It is also customary to speak of forces acting 
upon bodies. This, too, is more convenient than accurate. 
Bodies act upon one another, and forces are simply their mutual 
actions. 

22. Stress and Strain. — a. But a medium is itself affected 
by the energy or the force which it transmits from one body 
to another. 

In what condition is the rope, for example (Fig. 13), while 
transmitting the force ? In what condition is the pole of the 
car (Fig. 15) while transmitting the energy ? 

In the rope every particle is pulled both ways at once, and 
in the pole every particle is pushed both ways at once. There 
is action and reaction (§ 9, d) at every point in these media 
which connect the bodies. So there must be in every medium, 
whether it be ordinary matter or ether, an action and reaction 
at every point between the bodies. To designate the force 
which is in a medium, the word stress is used. Stress is an 
action and reaction at every point in a medium which trans- 
mits the mutual action of bodies. 

For example : A carriage is drawn by horses. The horses act 
against the carriage; the carriage reacts against the horses; 
and there is stress in the harness which connects the two. 
Numerous other examples can be cited readily. 

b. Stress, having the nature of force, should be measured 
in dynes or poundals. For example : If the pull by a horse 
attached to a truck is 10,000 poundals, then the stress in 
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the harness is 10,000 poundals. This would be the total 
stress. But stress is defined more precisely as follows : 

Stress is the number of units of force in one unit of area in 
a cross section of the medium. 

Thus the rope by which a horse draws a truck may be 1J5 
inches in diameter. In that case it would have a cross section 
of 1.77 square inches, and the stress would be 10,000 -s- 1.77, or 
5649.7, poundals per square inch. 

Stress = force -*- area of cross section. 

c. But media are elastic, and yield more or less to the force 
of the bodies acting through them. They are compressed by a 
push, expanded by a pull, and are said to be strained. 

Strain is any change in the length, the size, or the shape of a 
body which is subject to a stress. 

23. Experiments on Work. — a. If a body is to be lifted a 
little way, the work may be done by means of a bar and sup- 
port (§ 24, a). In this way one can raise a mass which is many 
times heavier than he can lift by laying direct hold upon it. 
He does his work on the bar, and the bar lifts the body. The 
bar seems to increase his energy. 

Experiment 15. — Object. To ascertain whether the work done on a" 
bar which is used to lift a body is equal to the work done by the bar. 

Apparatus. — In Fig. 26, AB represents a meter bar pivoted at its mid- 
dle division, F. 1 It vibrates up and down very freely, but should rest 
in a horizontal position when its motion ceases. If it is not so nicely 
balanced, a little " rider," <7, — a piece of tin bent neatly to fit the edge 
of the bar snugly, — is hung at the right place to balance it, and kept there. 
A scale pan, P, 2 with its load, is the body to be lifted, and another scale 

1 To pivot the bar, a hole just large enough to take a slender wire nail and 
hold it firmly, is drilled through the bar at its 50 cm. division, and on a line 
with the ends of the millimeter marks. The bar is put between two screw- 
eyes in the support S, and the wire nail is pushed through them and the hole 
in the bar. With such a pivot there is no serious friction. 

2 Small round "baking tins" (3 inches in diameter) make excellent scale 
pans. Three small holes in the edge take the ends of three threads which 
terminate in a single strand, forming a loop to slide along the bar. 
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pan, p, with its load, is the body whose weight is the force to lift it. 
When the bar is horizontal, the bottom of the pans should be about 5 cm. 
above the table. 

Operations. The mass of each scale pan must be known ; weigh the 
pans if it is not given. Hang one pan, P, at 20 cm. from the pivot ; add 
60 g., and denote the mass of both by M. Hang the other pan at 36 cm. 
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Fig. 86. 

from the pivot, on the other side, add box masses until the bar becomes 
horizontal, and denote the total mass by F. Next measure the distances 
through which the forces work. To do this, let P down to the table by 
taking a mass from p, and find the height of the top of the bar above the 
table at each loop, I and e. Restore the mass to p, lift M, until p is on 
the table, and again measure the vertical heights of the tops of the loops. 
The difference between the two heights of p is the distance through which 
F works on the bar ; call it D. The difference between the two heights 
of P is the distance through which the bar works on M. Tabulate the 
results: 



Observations. 


Computations. 


M 


F 


d 


D 


Work bv F. 
F*'D 


Work on M. 

Mxd 


.... g. 


. . . . g. 


....cm. 


cm. 


g. cm. 


g. cm. 



Repeat the observations by placing P at another distance from F, or 
changing its mass, and changing p accordingly. If the experiment has 
been well made, the work done by F and that done on M will be nearly 
equal. A small difference in the two results is accounted for by the fric- 
tion of the pivot, and the fact that the measurements cannot be made 
exactly. (Appendix II., 4, b.) 
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b. If a body is to be lifted, the work may be done by means 
of an inclined plane (§ 27, a). The plane seems to increase 
the energy which is applied. 

Experiment 16. — Object. To ascertain whether the work done by 
means of an inclined plane is equal to the work which would be done to 
lift the same body vertically to the same height. 




Fig. 27. 

Apparatus. In Fig. 27, AB represents the inclined plane. It is a 
smooth board about 2 feet long, and 4 inches wide, with one end on the 
table and the other resting on a support. M is a Hairs carriage, and S 
a spring balance attached. The carriage and its contents are the mass to 
be raised from the table to the height c&, by pulling it up the plane. 

Operations. — The mass of the carriage must be known ; find it if it is 
not given. Add 50 g., and denote the mass of both by M. Draw M up the 
plane with a steady pull to some point, b, and note the reading of the 
balance during its progress. Then relax the pull until it is just strong 
enough to allow M to roll slowly down. If there is any difference in the 
two readings, take the mean, and denote it by F. F represents the force 
which would do the work if there were no friction. Measure the distance 
AB along the under side of the bar (why ?). Denote this length of the 
plane by L. Measure the vertical height of the plane, from c up to 
the under side of the bar. It is the height to which M is lifted from 
the table. Denote it by H. Tabulate the observations : 



Observations. 


Computations. 


M 


F 


L 


H 


Work up the Plane. 
/xZ, 


Work up eb. 
Mxff 


. . . . g. 


. . . . g. 


... cm. 


. . . .cm. 


g. cm. 


g. cm. 



Change the value of M or change the inclination of the plane, and 
repeat the observations. 
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If the experiment has been well made, the work done along the plane 
and that which would be done to lift M vertically to the same height, are 
nearly equal in each case ; not quite equal, because some work is wasted 
on the friction of the carriage. (Appendix II., 4, c.) 

c. When work is done by means of any instrument, some 
part of it is wasted on the inevitable friction and other inci- 
dental resistances ; but 

The total work done on any instrument is just equal to the 
total work' which can be done by the instrument. 

Let this principle be remembered as the principle of work. 
It may be written in symbols, thus : 

Mx d = F x D; in which 

M stands for the resistance to be overcome ; 

F for the force which does the work ; 

d for the distance through which work on M is done ; 

D for the distance through which F acts to do it. 

SIMPLE MACHINES. 

V 24. Machines. — a. A machine is an instrument by which 
energy can be advantageously used to do work. For example : 
One end of a block of 
stone is to be lifted, and 
a strong bar is used for 
the purpose (Fig. 28). 
One end of the bar 
is inserted beneath the 
stone ; a prop (F) is put 
under the bar near the 
stone, and the workman 
pushes the other end down. The bar transfers the energy 
from his hands, and expends it to raise the stone, whose mass 
may be many times greater than he could lift directly. The 
bar and prop are a machine. 
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b. There are three forces involved in the action of every 
machine. One is the force applied to do the work ; another is 
the resistance offered by the machine itself on account of the 
friction of its parts, and other causes ; and a third is the resist- 
ance which the machine is intended to overcome, such as that 
of a mass to be lifted. 

c. The work required to overcome the resistance of the 
machine itself is wasted. Only that which is done to over- 
come the resistance to which the machine is applied is useful. 
Hence, no energy is ever gained by the use of a macJiine, but some 
is always lost. 

d. To find the total work done on a machine, the force, in 
foot-pounds or other units, is to be multiplied by the distance 
through which its point of application to the machine moves. 

The useful part of the work done by the machine is found by 
multiplying the resistance by the distance traversed by its point 
of application to the machine (§ 14, b). No general rule is 
given by which to find the wasted work. 

We may state these rules by symbols, thus : * 

Let F stand for the working force, and D for the distance 
through which it moves its point of application. And let M 
stand for the resistance, and d for the distance through which 
its point of application moves. Then, 

F x D = work done by the working force on the machine. 
M x d = work done by the machine on the resistance. 

If, now, we let w stand for the wasted work, we have, by 
the " principle of work " (§ 23, c), 

FxD = Mxd + w. 

e. The more nearly perfect a machine is, the less is the 
wasted work, and in an ideal machine the wasted work would 
be nothing ; w would drop out of our computations. For an 
ideal machine we have simply : 
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FxD=M xd; 
which is a shorthand statement of the following law : 

When work is done by the aid of a machine, the product of the 
working force by the distance through which its point of applica- 
tion moves, is equal to the product of the resistance by the distance 
through which its point of application moves. 

This is the universal law of machines. 

/. The wasted work varies with each machine. In the 
study of machines, they are regarded as perfect, and then in 
applying the results to practice, allowance is made in each 
case. The wasted work should be added to one or the other 
of the products, according as the resistance in the machine 
itself helps the working force, F, or the resistance, M. 

What we have called the "working force" is generally 
called " the power," and denoted by P, and the resistance, M, 
is generally called " the weight," and denoted by W. 

g. Machines are often very complicated in structure, but the 
most complex is made up of a small number of simpler ones. 
In fact, there are six simple machines, and all other machines 
are combinations of these. These simple machines are named 
as follows : lever, pulley, wheel and axle, inclined plane, screw, 
wedge. „ 

25. The Lever. — a. A lever is a machine consisting of a 
rigid bar which may turn freely about a fixed axis. Any 
equivalent of such a bar, without regard to shape, is a lever. 
Fig. 28 represents a lever in use. In Experiment 15, the bar 
AB was a lever. 

The fixed axis, represented in the figures by F, is called the 
fulcrum. The parts of a lever which lie between the fulcrum 
and the points of application of the power and the weight, are 
called the arms. In Fig. 26, Fe and Fl are the lever arms. 

b. There are three classes of levers designated by numbers. 
In levers of the first class, the fulcrum is between the points 
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of application of the power and weight, as shown in Figs. 26 
and 28. In levers of the second class, the point of application 
of the weight is between the fulcrum and the point of applica- 
tion of the power, as shown in Figs. 29 and 30. In levers of 
the third class, the point of application of the power is between 
the fulcrum and the point of application of the weight, as 
shown in Fig. 31. 

c. The problem in the study of levers is this : To find the 
relative values of the power and the weight when they are able 
to just balance each other. But when they balance each other, 
no motion occurs, and the principle of work (§ 23, c; § 24, e) 
cannot be directly applied. We may, however, use the lengths 
of the lever arms instead of the distances through which the 
power and the weight move, because they have the same ratio. 
This simplifies the operation, since the arms can be directly 
measured. And with this substitution of lever arms for dis- 
tances, the law of machines (§ 24, e) becomes the following 
law of equilibrium of the lever : 

Hie power and weight will balance each other on a lever when, 
if each be multiplied by the perpendicular distance of its point 
of application from the fulcrum, the products are equal. 

Example. — Suppose the straight bar lever in Fig. 28 is to be used 
to lift^a stone whose mass is 1000 pounds, and let the fulcrum, F, be 
1 foot from its bearing against the stone, while the workman's energy is 
applied at a distance of 10 feet from the fulcrum ; how much force does 
he exert in order to just balance the stone ? 

The power arm is 10 feet, the weight arm is 1 foot, the weight is the 
weight of 1000 pounds, and the power is the workman's force. From the 
law of equilibrium we have : 

workman's force x 10 = weight of 1000 lbs. x 1 ; 
workman's force = wei * ht of 100 ° lbs ' = weight of 100 pounds. 

d. The ratio of weight to power in any simple machine is 
called the mechanical advantage of the machine. Thus the 
mechanical advantage of the lever in the example above is ^; 
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in other words, any power applied to that lever will balance 
a resistance tenfold greater than itself. 

Example. — If the power arm of a lever is 75 cm. and the weight arm 
6 cm., what is the mechanical advantage of the lever ? 

26. Lever Studies. — a. In the beam balance (Fig. 10), the 
beam is a lever with its fulcrum midway between the points 
of application of the power and weight. 

Experiment 17. — Object. To weigh a body by means of a lever pivoted 
at the middle point of its length. 

Set up the apparatus represented by Fig. 26, with the addition of the 
index / (Fig. 30) to show when the bar is horizontal. Counterpoise the 
bar nicely, by means of its rider, C. Hang the two scale pans at equal 
distances on opposite sides of the pivot, and counterpoise the bar and pans 
by means of sand. Put the body whose mass is to be found in one pan, 
and then box masses in the other until the bar is horizontal. Record the 
following values : 

Distance from the pivot to the loop of each scale pan . cm. . . . D. 

Sum of the box masses used g. ... P. 

And represent the mass to be found by M. 

Then from the law of equilibrium of the lever (§ 25, c) 

MxD = PxD. ..M=P. 

Conclusion. The mass of is g. 

Could you find the mass of the body by this lever if the loops of the 
pans were not equally distant from the pivot? 
Try it, and describe and explain the process. /* , 



b. In the press represented by Fig. 29, 
a lever, ABF } with its fulcrum, F, near one 
end is used. The power is applied near 
the other end, A, for the purpose of com- 
pressing a substance beneath the piston at 
W. The reaction of this substance is the ■= 
weight; its point of application is B. 
The problem : To find the mechanical advantage of this lever, 
if FB is 10 inches and FA is 35 inches. 
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The Computation. — By the law of equilibrium (§ 25, c), 
we have PxFA = Wx FB. 

Hence P x 35 = Wx 10; 

and ?-§-"• 

P 10 

The mechanical advantage of this lever is 3.5. In other 
words, the pressure of W is 3.5 times the pressure applied at 
A; so that the weight of 100 pounds on the lever at A would 
bring a pressure equal to the weight of 350 pounds on W. 

Experiment 18. — Object. To find by experiment the mechanical 
advantage of a lever of the second class. 

For the lever use the bar shown in Fig. 26. Let it be pivoted in the 
same way, but near one end, as shown by Fig. 30, instead of in the 
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middle. A scale pan and its load may be the weight, and the upward 
pull of a spring balance may be the power. The balance may be sup- 
ported by the clamp arm of a retort stand. Measure distances from the 
fulcrum by the English units, and remember that the lever arms are 
always to be measured when perpendicular to the directions of the P and 
the W; in this case, when the bar is horizontal. To see when the bar is 
horizontal, an index, J, may be used. It is a headless pin projecting from 
a cork, which may be fixed at any height on an upright wire. First 
adjust the pin to the height of the top of the bar at the fulcrum F, then 
place it at the opposite end. 

Operations. Having set up the apparatus, without the scale pan, put 
the loop A at 36 inches from F. Adjust the height of the balance so that 
when its string is vertical the bar is horizontal, and read the scale. De- 
note this reading w ; it represents the work wasted in lifting the lever 
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itself. Hang the pan W at 10 inches (d) from F; replace loop A at 36 
inches (/)); add known masses to the pan whose mass is likewise known 
or must he found ; denote the total mass by W. Adjust the balance again 
and take the reading of its scale. Denote this reading p. The mass of W 
should be as large as practicable, so that the error due to the fact that the 
least count of the balance is quite large will not be so great in proportion 
to the weight. Tabulate the observations thus : 



Obsesyations. 


Computations. 


Trial. 


w 


p 


W 


d 


D 


P~ 


ir=» 


P 


W 
P 


Error. 


1 


.... 




.... 


10" 


36" 












2 


.... 


.... 




u 


it 













Repeat, using a different weight, W, each time. 

The Error. The true value of — is that which the law (§ 26, c, d) 
requires. Compute it (§ 26, b) and subtract the mechanical advantage, 
~, found by experiment The difference is the total error of the experi- 
ment If this error is a small fraction of the computed value, your 
experiment was well made. Thus: One student found the mechanical 
advantage of a lever to be 4.4, while its true or computed value was 
4.26. The total error of his experiment was .16. But .16 is ^.b per cent 

of the true value I j— x 100 = 3.6 V and this was the error of that 
\4.26 / 

experiment As he found a value larger than the true value, the error 

was +3.6%. 

c. In Fig. 31, the treadle represented 
by FB is a lever. The resistance of the 
wheel to be turned is the weight, and 
the power is usually the pressure of a 
foot at A. This is a lever of the third 
doss, because the power is applied at 
a point between the fulcrum and the 
point of application of the weight. *" 

Let this lever be of the same length as the lever of the 
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press (Fig. 29), but let FA, instead of FB, be 10 inches, and 
FB be 35 inches. Compute its mechanical advantage. 

Experiment 19. — Object. To find by experiment the mechanical ad- 
vantage of the treadle (Fig. 31), or a lever of the third class. 

Use the apparatus (Fig. 30) and follow the directions for the preceding 
experiment, except that you are to suspend the weight at 35 inches, and 
loop the balance at 10 inches, from F. 

Compute the error of your experiment as explained above. 

d. Fig. 32 represents a common pump. The pump handle, 
AFB, is a bent lever, with the fulcrum between the points of 

application, A and B, of the power 
and the weight. The power is the 
hand pressure at A in the direction 
of the arrow. The weight, W, is the 
weight of the piston and the water 
above it The directions of the power 
and weight are not perpendicular to 
the lever as the law (§ 25, c) requires, 
and we must suppose that they are 
applied to the ends of straight arms, 
Fa and Fb, to which they would 
be perpendicular. In all cases, the 
* lengths of the lever arms are distances 
from the fulcrum in lines perpendicu- 
lar to the directions of the power and weight. 

Example. — Let Fa be 2 feet and Fb 6 inches ; what is the mechani- 
cal advantage of the pump ? What is the greatest mass (of water and 
piston) that could be lifted by a pressure at A equal to the weight of 
15 pounds ? 

N/ e. Levers are not always in the form of rods or bars. 
Levers in the form of wheels are very common; they are 
known as pulleys, and wheel and axles. 

f A pulley is a grooved wheel free to turn on an axis. For 
example : Fig. 33 represents, in section, a wheel hung from a 
bar and free to rotate on its axis, F. A rope lies in the groove 
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Fig. 33. 



around the wheel, and the power is applied at one end to 
lift a mass, 3f, at the other end. Now the power works 
upon the wheel at A, and the weight at B, 
the opposite ends of a diameter. So far as 
mechanical advantage is concerned, a simple 
bar, AFB, would be equivalent to the wheel, 
and this would be a lever. The wheel or 
pulley is equivalent to a lever, AB 9 with its 
fulcrum at F. It* is a lever with equal arms. 
What is the mechanical advantage in this 
case? Remembering that there is some 
wasted work due to friction in the pulley, 
show that there is actually a mechanical dis- 
advantage. But a person can do work more 
easily by pulling downward than by lifting, 
and in many other cases it is necessary to change the direc- 
tion of the force applied. To offset the mechanical disad- 
vantage in the use of a fixed pulley there is the practical 
advantage of a change in the direction in 
which the work may be done. 

g. Besides the fixed pulley just described 
there is the movable puUey, — a wheel which 
is attached to, and moves with, the weight. 
It is a pulley whose axis is movable. The 
wheel represented by H (Fig. 34) is a mova- 
ble pulley. It is generally used in connec- 
tion with a fixed pulley, as shown. The 
cord, fixed at one end, Z>, passes under the 
wheel and then over a fixed pulley, I. A 
mass, M, is to be lifted by a downward pull 
at P. The pulley and the mass, iftf, together 
constitute the weight for the fixed pulley, I. 
Evidently the diameter of IT is a lever (of which class?) 
with its fulcrum at F, the power working at a and the 
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weight at b. Suppose the diameter, aF, to be 10 inches, and 
the mass, M, to be 100 pounds; how much power must be 
applied at a to balance M (§ 25, c) ? What is the mechanical 
advantage of the pulley Hf How much power must be 
applied at P to hold M in equilibrium ? What is the mechani- 
cal advantage of the combination ? In what does the waste 
work consist? The student may consult reference books to 
learn of different combinations of pulleys and their uses. 

Experiment 80. — Object To find the practical mechanical advantage 
of a movable pulley. 

Having two pulleys, a cord, and two spring balances, proceed to hang 
the pulleys, as shown in Fig. 34. In place of M put a spring balance, and 
fasten its hook to something below, so that the balance cannot be actually 
lifted. Fix the other spring balance to the cord at P. Then pull the 
balance P vertically downward, thus lifting the pulley H and straining 
(§ 22, c) the balance M. Note the value of power shown by balance P, 
and of weight shown by balance M. Repeat with greater power, and 
obtain several sets of values. Then find the ratio of weight M, to power 
in each case. With good pulleys and careful work the results should not 
vary much. Take the average as the prac- 
tical part of the mechanical advantage of one 
movable pulley. How far short of the theo- 
retical advantage does it fall, and to what is 
the discrepancy due ? 

h. Fig. 35 represents, in section, a 
wheel, w, with a drum-shaped axle, a, 
projecting beyond its face, equivalent 
to a smaller wheel fastened to to. 
Such a combination of two wheels is 
called a wheel and axle. By applying 
a power, P, to the circumference of 
the wheel, a mass, M, on the end of a 
rope wound upon the axle, a, may be 
lifted. The figure shows that the wheel and axle is equivalent 
to a lever, AFB. The power arm is the radius, AF, of the 
wheel, while the weight arm is the radius, FB, of the axle. 
Suppose that the radius of the wheel is 3 feet, and of the axle 
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6 inches ; what is the mechanical advantage ? If the mass is 
120 pounds, what power applied at P will balance it? How 
much further must the power fall than the weight rise, if 
motion occurs ? Using the same wheel and axle, let a power 
equal to the weight of 100 pounds be applied to the axle at B; 
what weight would be balanced at A f How many times more 
rapid will be the motion of the weight than of the power in 
this case? Let the student consult reference books for the 
forms and uses of the wheel and axle. 

27. The Inclined Plane. — a. When a teamster wishes to 
raise a heavy mass, such as a cask of sugar, from the ground 
to his cart, he does not attempt to lift it vertically, but he 
does the work by rolling the cask along a plank reaching 
obliquely from the ground up to the cart. The inclined sur- 
face of the plank is an inclined plane. Any rigid, sloping 
surface over which masses may be moved is an inclined 
plane. 

6. In Fig. 36, ac represents an inclined plane. W is the 
weight, — a mass to be lifted from the ground to the height be, 
by a power P, which pulls , 

it along ac. While W is ^'* 

going from a to c, the 
power, P, at the other 
end of the rope, must go 
an equal distance, PP. 
The power works through 
a distance equal to ac. 
But, at the same time, the 
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mass W is lifted only through the height be (§ 14, c). 
law of machines (§ 24, e), 

The work done by the power is power x ac; 
The work done on the weight is weight x be. 

Hence, P x ac = TT x 6c. ^ 

COOLEY'S PHY8. — 5 



By the 
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From this equation we find the mechanical advantage (§ 25, d), 

W ac „ length of the plane 
— ^r — j or - * • 

P be height of the plane 

Example. — Suppose the teamster's plank to be 12 feet long, and his 
cart 4 feet high. If a cask of sugar is 326 pounds, what power most he 

exert to posh it up ? In this case — = — or - = the mechanical advan- 
ce 4 1 
tage. That is, every 3 pounds to be lifted requires a power equal to the 
weight of 1 pound. To lift the cask requires 326 -i- 3, or a power equal 
to the weight of 108| pounds. 

28. Inclined Plane Studies. — a. Suppose an inclined plane 
whose height is 6 feet and whose length is 15 feet, is used to 
lift 250 pounds; what power parallel to its length will be 
required ? 

b. But suppose the power is exerted parallel to the base of 
the plane; what power would then be required ? First repre- 
sent the plane (Fig. 
Its base is ab, 
and its height is be, 
W is the weight, and 
P the power, which is 
F 37> kfcpt at work all the 

time parallel to ab, 
while the weight rises. When W has reached c, its horizontal 
distance is ab; how far to the right has P gone in the same 
time ? To what distance has W been lifted in the same time ? 
By the law of machines (§ 24, e), 

Pxab= Wxbc. 

From this equation find the mechanical advantage. Having 
the mechanical advantage, find what power would be needed 
to lift 100 pounds to the height of 10 feet by an inclined plane 
whose base is 18 feet. When the power works parallel to the 
length, as in § 27, b, what measurements of the inclined plane 
represent the working distances of the power and the weight ? 
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When the power works parallel to the base of the plane, what 
measurements represent the working distances of the power 
and the weight? 

c. If W (Fig. 38) is a massive ball on the end of a bar 
hinged at h, it could be lifted by pushing an inclined plane, 
abc, under it. Should the direction of the power be parallel 
to the base, ab, or to the length, oc, to do this work to the best 
advantage ? 





Fig. 38. 



Flf . 39. 



An inclined plane, when it is pushed or driven, as shown 
above, is called a wedge. But the wedge is usually made with 
both faces slanting (Fig. 39). In that case the wedge is really 
a double inclined plane, as you can see by drawing a line from 
a perpendicular to be. 

d. Examine the blade of a pocket knife, and while cutting 
a piece of wood, study its action as a wedge. What is the 
power, and what is the weight, and what is the work? 

Examine a sewing needle and describe it as a wedge. 
All cutting and piercing instruments are wedges. 

e. Examine a common screw. Choosing one of large size, 
pl^ce its point in a dent made in a block of wood, and hold 
the screw upright. Press the sharp point of a lead pencil 
into the groove, near the point of the screw, and then turn the 
screw several times around. You should discover that the 
spiral ridge on the screw is an inclined plane which is pushed 
under the pencil point (compare c). 

The projecting ridge around the body of a screw is called 
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the thread, and the end of the screw to which the power is 
applied is called the head. The distance measured parallel to 
the axis of the screw between two adjacent turns of the thread 
is called the pitch of the screw. 

/. Fig. 40 represents a screw in use as a machine, to bring 
great pressure to bear upon books in the process of binding. 
c B The screw works through the fixed block, 
N, called the nut. Its thread runs in a 
groove inside the nut, and its end rests 
upon a movable pressure board, EF. The 
power is applied to the end of the lever 
BC, and the weight is the resistance of 
the books placed under EF. 

If the screw is driven down a distance 
g " ' equal to the pitch of the screw, the power 

distance is the circumference of the circle whose radius is CB. 
The law of machines gives 

P x circ. CB = W x pitch of the screw. 

From this equation we find the mechanical advantage of a 

8Crew: W CUQ.CB 




P pitch of screw 

Find what pressure would be exerted on the books (Fig. 40) 
by a power equal to the weight of 25 pounds at B } 2 feet 
from the center of the head, C, if the pitch of the screw is 
.25 inches. 

^29. Summary of Laws of Equilibrium stated as Proportions. 1 — 
a. In a lever : The power and weight are in equilibrium when 
P : W: : weight arm : power arm. 

b. In a pulley: The power and weight are in equilibrium 
when P:W: : 1 : number of branches of rope which support 
the weight. 

1 The laws are the translations of the equations for the several machines 
as explained in Appendix II. 
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c. In a wheel and axle : The power and weight are in equi- 
librium when P:W: : radius of axle: radius of wheel. 

d. In an inclined plane, with power parallel to its length : 
The power and weight will be in equilibrium when P:W:: 
height of plane : length of plane ; and with power parallel to 
base of the plane : P: W: : height of plane : base of the plane. 

e. In a screw: The power and weight are in equilibrium 
when P: W: : pitch of screw : circ. of power circle. 

/. In a wedge : The sharper the wedge, the greater is the 
mechanical advantage. No precise law of any practical value 
can be stated.^/*' 

30. Efficiency of Machines. — We have seen that the mechan- 
ical advantage of a machine is a theoretical value; it takes 
no account of waste work. Practically, the work done on a 
machine must be much greater than that which is indicated 
by the mechanical advantage, as in the case of the movable 
pulley (§ 26, g), where a large fraction of the work actually 
done is required to lift the pulley itself. 

What is more important to the engineer, is to know the ratio 
of the useful work, — that which he can actually do with the 
machine, — to the toted work applied to the machine. The ratio 
of the useful work done by a machine, to the total work done on 
the machine, is called the efficiency of the machine. For exam- 
ple : If 1000 foot-pounds of work is done by the power used, 
and only 560 foot-pounds of useful work is obtained from it, 
the efficiency of the machine is -JyVUW*' or 56, per cent Effi- 
ciency is stated as a certain percentage of the actual work done 
on the machine. 

From the results obtained in Experiment 20, compute the 
efficiency of the movable pulley which you used. 



III. STRUCTURE AND PROPERTIES OF 
MATTER. 

THE STRUCTURE OF MATTER. 

31. Divisibility. — a. Any body of matter may be cut or 
broken into pieces without in any way changing the character 
of its substance. The property of matter by virtue of which 
a body may be separated into parts, is called divisibility. 

b. The process of division without changing the character 
of a substance may be carried so far that the number and 
minuteness of the pieces almost exhaust the power of imagina- 
tion. A kernel of wheat when ground to finest flour is broken 
into pieces which cannot be separately seen by the naked eye. 
A fragment of stone may be crushed and ground until it 
becomes an impalpable powder; that is to say, a powder so fine 
that we feel no gritty sensation when it is rubbed between 
the fingers. 

A cloud consists of particles of water floating in the atmos- 
phere. The size of these particles in a light cloud has been 
estimated to be such that 13,000 placed side by side would 
measure only an inch in length. 

About 300,000 sheets of ordinary gold leaf would together 
measure about an inch in thickness. If a square inch of one 
such leaf were reduced to powder, there would be about ninety 
thousand million particles of the gold dust. 

The following experiment illustrates the extreme divisibility, 
and consequently the extreme minuteness, of particles of ani- 
line red. 

70 
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Experiment 21. — Object. To estimate the number of pieces into 
which 1 g. of aniline red can be divided, and the mass of each piece. 

Crush a few small crystals of aniline red ; weigh out .01 g. of the 
powder. Transfer it without loss to a graduated cylinder. Add a little 
alcohol to dissolve it, and then add water to fill the cylinder to the 20 cc. 
mark. After thoroughly mixing the red solution and water, pour just 
1 cc. of it into a large glass jar, and then with a measuring glass add 
water, keeping careful count of the quantity, until the color is so diluted 
as to be just visible throughout the jar. 

Now every drop of water in the jar must contain at least one little 
piece of the aniline red, in order to show color. If you can find the 
number of drops, you will have the least possible number of pieces, and 
then you can find the mass of one of them. 

To estimate the number of drops : Fill the cylinder to its upper mark ; 
press a wet stick or glass rod against its lip, and carefully tip the cylinder 
until drops slowly fall from the end of the stick. Count the drops until 
just 10 cc. have been discharged. Repeat, and take the average of two 
or more trials as the number of drops in 10 cc. From this you can find 
the number of drops contained in the jar. 

In one experiment this number of drops was found to be 80,000 

The original quantity of aniline in 20 cc. was .... 1 eg. 

Hence the 1 cc. put into the jar contained ^cg. 

This was divided among 80,000 drops 

Hence the number of pieces of the ^ eg. not less than 80,000 

Total number of pieces of the 1 eg. not less than . . . 1,600,000 

Hence total number of pieces of 1 g. not less than . ♦ 160,000,000 

Mass of one of these pieces not more than 000000006 g. 

Every one of this multitude of minute pieces is a particle of aniline red. 
The character of the substance has not been changed by the division. 

c. But there is a limit beyond which a body cannot be 
divided without changing its substance into two or more 
different kinds of matter. 

When water boils it becomes steam, — invisible because it 
is divided into innumerable particles widely separated from 
one another. But these particles are the identical particles of 
the water before the heat was applied. If the steam is passed 
slowly through an iron tube containing iron filings, which are 
kept red hot, no steam will issue from the other end. Instead 
of steam, a gas may be collected which burns when touched 
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with a match flame. At the same time another substance is 
taken from the steam and held by the iron. The substance 
which burns is hydrogen; that which is held by the iron is 
oxygen. In this case every particle of steam is divided into 
particles of two entirely different kinds of matter. 

d. But neither hydrogen nor oxygen has ever been sepa- 
rated into other kinds of matter. Such substances are called 
elements. Gold, iron, sulphur, and carbon are elements, because, 
like hydrogen and oxygen, they have never been broken into 
other kinds of matter. On the other hand, water and all 
other substances which have been broken into simpler kinds 
of matter are called compounds. 

e. A particle of any substance, which cannot be divided 
without changing it into other kinds of matter, is called a 
molecule. All bodies are made up of such particles. 

/ By dividing the molecules we obtain the still smaller 
particles of the different kinds of matter they contain. For 
example, the chemist tells us that every molecule of water 
contains two particles of hydrogen and one of oxygen. Such 
smallest particles of elements, or simple kinds of matter, are 
called atoms. 

32. Molecular Spaces. — It has been said that two bodies can 
never occupy exactly the same space at the same time. We 
may now consider some facts which seem to contradict that 
statement. 

a. If the edge of a sheet of blotting paper touches a drop 
of ink, that liquid enters the paper and remains therein. If 
one corner of a block of loaf sugar be made to touch the sur- 
face of water, it is quickly wetted throughout, even to its 
remotest parts. It would seem that there must be open spaces 
within the paper and the sugar, into which the liquids go. 

b. Francis Bacon made the following experiment about three 
hundred years ago. He filled a lead shell with water, closed 
it completely, and then put it under pressure. The water 
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oozed out through the lead, and stood in beadlike drops on 
the outside surface. A silver shell was tried long afterward 
in Florence with the same result. When a silver shell coated 
with gold was used, it could not retain the water. Under 
pressure the molecules of water found a passage between the 
molecules of these compact metals. 

c. Gold is one of the densest metals, and yet mercury, on 
contact with gold, is absorbed by it, as water is absorbed by a 
sponge. 

Such facts confirm the belief that no body completely fills 
all the space which it appears to occupy. That property of 
matter by virtue of which there are unfilled spaces among the 
molecules is called porosity. 

Experiment 22. — Fill a graduated cylinder with alcohol, to a certain 
mark exactly, perhaps the 60 cc. mark. Take cotton wool of fine quality, 
pull it out into slender shreds, bring these one after another into contact 
with the surface of the alcohol, and lower them into the liquid, assisting 
their descent by gently pushing them with a glass rod. Find how much 
of the cotton you can introduce, if any, without raising the level of the 
alcohol. See that no alcohol is lifted out on the glass rod. Point out 
the bearing of your result on the question of unfilled spaces in alcohol, 
and also in cotton fibers. 

If you should fill the cylinder to the mark with shot could you not add 
a quantity of fine sand without lifting the surface above the mark ? What 
would become of the sand ? 

In like manner try water and sugar. Having filled the cylinder to the 
mark with hot water, slowly sprinkle into it a measured quantity of pow- 
dered sugar. Is the apparent volume of the liquid increased ? What 
has become of the sugar ? 

33. Molecular Motion. — For many reasons, which will better 
be given as our study advances, it is believed that the mole- 
cules of any body are never at rest, but are in ceaseless motion 
within the inconceivably small spaces around or between them. 

34. The Molecular Theory. — The statements just made in 
regard to molecules, molecular spaces, and molecular motions, 
cover the views now held as to the structure of matter. The 
molecular theory states that every body is built up of minute 
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particles, called molecules, which cannot be divided without 
changing them into other kinds of matter. The molecules are 
surrounded by spaces which are filled only by ether, within 
which they are in rapid and ceaseless motion. 

35. Physics and Chemistry. — Atoms are scarcely at all con- 
sidered in the study of physics. Molecules and masses and 
the energy they exhibit in their physical changes are the chief 
subjects of study in this science. 

In the science of chemistry, atoms and the different kinds 
of matter which they form when chemical changes occur, are 
the chief subjects of study. 

SOLIDS, LIQUIDS, GASSS. 

36. Rigidity. — Among the many things in which a sub- 
stance like iron differs from another like water, one of the 
most striking is this : A piece of iron will bear very great pres- 
sure without changing shape, while water will be distorted by 
any pressure however small. 

A body whose form will not be changed by great pressure is 
said to be rigid. Rigidity is the property of matter by virtue 
of which it can resist a stress (§ 22, a). Bodies that possess 
this property in high degree are called solids. 

37. Fluidity. — a. Many substances like water yield to the 
slightest pressure. They cannot resist the pressure due to 
their own weight ; they can be kept in shape only by the reac- 
tion of the walls of the vessel in which they are placed; they 
will ooze in drops or streams from leaky vessels because they 
cannot bear the stress due to gravity ; and they will be dis- 
torted by the gentlest push against their surfaces. Fluidity is 
the property of matter by virtue of which it cannot resist a 
stress. A body whose form will be changed by the gentlest 
pressure is called a fluid. 

b. A perfect solid would be one whose rigidity would not 
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allow it to yield at all to the greatest possible stress. A per- 
fect fluid would be one without any rigidity, — one which 
could not at all resist the slightest stress. But no such bodies 
are known. Practically, we may define solids and fluids in 
this way : A solid is a substance with such rigidity that the 
shape of any body of it will not change under the stress of its 
own weight. A fluid is a substance with so little rigidity 
that a body of it cannot keep its shape when left to the stress 
of its own weight. 

c. When a body changes form continually under a stress, it 
is said to flow. All fluids flow, under the stress of their own 
weight, if they are not kept from doing so by some reaction, 
such as that of the walls of the vessel in which they are con- 
tained. 

38. Plasticity. — It is well known that a piece of stiff putty, 
if laid upon the table, will maintain its shape against the stress 
due to its own weight ; it is therefore practically a solid. But 
press upon it with the hand, and its shape will be changed, and 
if the hand is withdrawn, the putty will retain its new shape. 
A great many substances will thus change shape under suffi- 
cient stress, and retain the new shape when the stress ceases. 
Wet clay, wax, and red-hot iron are examples. They are said 
to be plastic. Plasticity is the property of matter by virtue of 
which bodies take new and permanent shapes under a tempo- 
rary stress. 

39. Viscosity. — a. Some substances, such as water and alco- 
hol, flow very freely. Others, like treacle and pitch, flow, but 
with apparent reluctance; these are said to be viscid. Vis- 
cosity is the property of a fluid by virtue of which it resists 
the stress which causes it to flow. 

b. A viscid fluid and a plastic solid seem to be much alike. 
Indeed, every substance which will flow, even in the least 
degree, is, to that degree, fluid. Many so-called solids, like 
sealing wax and ice, are viscid fluids. For example: Let a 
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slick of sealing wax — the longer the better — rest with its 
ends on supports above the table. After a day or two it will 
be found to be bent down in the middle. This bending will 
continue slowly so long as the middle part is not supported. 
The sealing wax yields continually under the stress of its 
own weight. It flows really, though slowly. 

A plastic substance is one whose internal structure is weak 
enough to yield to pressure, but strong enough not to yield all 
at once. Ajviscid substance is one whose internal structure is 
so weak that it must yield to the pressure of its own weight, 
but strong enough not to yield all at once. In a fluid the 
interna] structure is so weak that it must yield to the slightest 
pressure all at once. But if these substances are built up of 
molecules (§ 34), why should they have any strength at all ? 
(S 21, a.) 

40. Compressibility. — a. It is well known that a rubber ball 
may be made smaller by pressure, without changing its mass. 
On this account rubber is said to be compressible. Compressi- 

tbUity is the property of matter by virtue of which 
a given mass becomes smaller under pressure. 
Experiment 23. — The compressibility of air by pressure 
may be tested as follows : 

B represents a small bottle, and T a glass tube passing 
through a tightly fitting stopper. A represents another 
glass tube which is joined to the tube T by a rubber tube. 
Colored water fills the bend of the rubber tube and stands 
at a convenient height in T. The bottle and tube above the 
water are full of air, which cannot escape. Apply the lips 
to the tip of A, and gently press the breath into the tube. 
You will see the water rise in T, perhaps into the bottle, 
crowding the air into a smaller space. 

b. Air is compressible in a very high degree. In 
***• 41 - this respect it differs very much from water. If a 
cubic inch of water were inclosed in a vessel with rigid walls, 
it would require enormous pressure to reduce its volume per- 
ceptibly. A pressure equal to the weight of 14.7 pounds per 
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square inch would reduce its volume by only .00005 of a cubic 
inch, while a cubic inch of air under the same pressure would 
be reduced by .5 of a cubic inch, or to one half its volume. 

Thus substances possess the property of compressibility in 
very different degrees. The compressibility of all solids and 
liquids is slight in comparison with that of gases. 

But if bodies are built up of molecules, how can they be 
made smaller by pressure ? 

41. Expansibility. — a. It is well known that an iron ball is 
larger when hot than when cold. Its mass remains the same, 
but its volume is increased by heat. If with the lips applied 
to the tube A (Fig. 41), the air above the water in A be sucked 
out, the water in T will fall. There will then be the same mass 
of air in the bottle and tube, but it will fill a larger space than 
before. The property of matter by virtue of which the volume 
of any given mass may be increased is called expansibility. 

Experiment 24. — The expansibility of water by heat may be tested 
as follows : 

A bottle or flask is provided with a tightly fitting stopper and a tall 
glass tube. Fill the flask with water to the brim. Press the stopper into 
the neck until it makes a tight joint. The water will rise in the tube as 
the stopper enters the neck of the flask ; mark its 
height. Finally, place the flask in a vessel of almost 
boiling water. Watch for a rise of the water in the 
tube, and consider how this shows the expansibility of 
water. 

Experiment 25.— The expansibility of air by heat 
may be tested as follows : 

A flask, F (Fig. 42), about the same size as that 
used in the preceding experiment, is provided with its 
tight-fitting stopper and long tube, T. Support the 
flask by a ring on the retort stand, with the end of T 
deep in a small vessel of water, B, Pour almost boil- 
ing water over the flask, and watch for bubbles in the 
vessel B. Allow the flask to become cold, watching, 
meantime, for a rise of water in T, and consider how *' 

the experiment has shown the expansion of air by rise of temperature, 
and also its contraction by fall of temperature. 
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6. The volume of a given mass of air changes greatly with 
changes in its temperature, and also with changes in the pres- 
sure which it sustains. The volume of a given mass of water 
changes very much less with changes in its temperature, and 
almost not at all with changes in the pressure. 

c The expansibility of many substances, such as alcohol, 
ether, and oil, is like that of water, while the expansibility of 
others, such as oxygen and hydrogen, is like that of air. 
Hence two classes of fluids are recognized. A fluid, the vol- 
ume of a given mass of which is not perceptibly changed 
by changing the pressure upon it, is called a liquid. A fluid, 
the volume of a given mass of which is indefinitely increased 
by diminishing the pressure upon it, is called a gas. 

SOME PROPERTIES OF SOLIDS. 

42. Hardness. — a. It is well known that lead is easily 
scratched, even with the finger nail; copper is not. But 
copper is easily scratched by a knife blade ; a piece of glass 
is not. These facts show that it is more difficult to rub away 
the particles of (that is to abrade) some substances than others. 
Substances not easily abraded are said to be hard. The prop- 
erty of a solid by virtue of which its substance is not easily 
worn away, or abraded, is called hardness. 

b. Hardness does not imply strength. Glass is very hard, 
but it is also very fragile. Hardness does not imply density 
(§ 6, a). The diamond is the hardest of known substances, 
while gold is so soft that it may be easily scratched with a 
knife; yet the density of gold is almost six times that of 
diamond. Mercury is a liquid and has no hardness, but its 
density is about 1.75 times that of the hardest steel. 

c. The hardness of some substances can be made greater or 
less by skillful application of heat. Steel, in its hardest 
condition, is too brittle to be much used in the arts, but by 
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heating it to different high temperatures, and then suddenly 
cooling it, the steel may be left with any degree of hardness 
desired. This process is called tempering. 

d. When cooled very slowly from a high temperature, such 
as red heat, many substances become softer and less brittle. 
This process is called annealing. Glass when not annealed 
breaks down when slightly strained. This explains the fact 
that articles of glassware sometimes break without apparent 
provocation; they cannot bear the strain of a slight change 
of temperature. To be durable they must be well annealed. 

43. Malleability. — Many substances, especially some met- 
als, — notably iron, silver, and gold, — maybe hammered, or 
pressed between rollers, into thin sheets. The property of a 
substance by virtue of which it can be reduced to thin sheets by 
blows, of heavy pressure between rollers, is called malleability. 

44. Ductility. — a. Many substances, notably some metals 
among which are platinum, silver, and iron, can be drawn out 
into fine wire. The property which permits a substance to be 
drawn into the form of wire is called ductility. 

Experiment 26. —The ductility of glass may be exhibited as follows : 
A soft glass tube, 8 or 10 inches long, ^ of an inch in diameter, is rep- 
resented at T (Fig. 43). It is held in the flame of a Bunsen burner, and 
constantly rolled in the flame to heat all sides equally. The glass will 




Fig. 43. 

soften. When this occurs, it is taken from the flame, and, at the same 
instant, pulled lengthwise, with both hands. The heated part may be 
drawn out as far as the hands can separate ; it will be a tube still, but 
perhaps smaller than a pin in diameter, and wonderfully flexible. 

b. Ductility and malleability are closely related. That they 
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are two distinct properties is shown by the fact that the same 
metal may not be ductile and malleable in the same degree. 
Gold is the most malleable metal, but it stands below plati- 
num, silver, iron, and copper in ductility. Platinum is the 
most ductile metal ; it has been drawn into wires too small to 
be visible without a microscope. 

c. In commerce the sizes of wires are specified by numbers. 
These numbers are found by means of an instrument called a 
wire gauge (Fig. 44). They are arbitrary, but they represent 

diameters. Thus a No. 1 
wire, by a Brown and 
Sharpe wire gauge, is 
.7348 cm. in diameter, 
while a No. 30 wire has 
a diameter of only .0255 
cm. The diameters cor- 
responding to the num- 
bers may be measured 
directly by means of a 
micrometer calliper, or 
found in tables. (Ap- 
pendix III., 3.) 

45. Elasticity. — a. 
A rubber ball when 
squeezed is reduced in size, but it recovers its former volume 
when the pressure is removed. A strip of steel after having 
been bent recovers its former shape, and if a thread or wire is 
twisted it will untwist when the twisting force is withdrawn. 
On account of their power to recover from the change pro- 
duced by a force, these bodies are said to be elastic. 

But if a body is built up of molecules, how can it recover its 
former size after compression ? (§ 21, a.) 

If a body yields to a stress, in any way, whether it is com- 
pressed or extended, or twisted or bent, it is said to be 




Fig. 44. 



§45.] SOME PROPERTIES OF SOLIDS. 81 

deformed or strained. Elasticity is the property of matter by 
virtue of which a body recovers from a strain. 

6. Strain is the change in the size or the shape of a body ; 
stress is the force which produces the strain ; and elasticity is 
the property which enables the body to recover from it. 

Experiment 27. — The elasticity of India rubber may be studied as 
follows : In Fig. 45, hk represents a rubber cord suspended from a hook 
and carrying a scale pan at the other end. If a small c 
mass, tit, be placed in the pan, the cord will be stretched ' 
to a length hn. The elongation, jfcn, of the cord is the 
strain. The mutual pull of the mass, ro, and the hook, A, 
is the stress which produces the strain ; it is equal to the 
weight of m. If m be taken from the pan, the cord 
springs back to the length, hk, and the property which 
enables it to do so is elasticity. 



c. If a body recovers its original size after . 
having been made smaller or larger by a stress, ^ 
its elasticity is called elasticity of volume. Elas- 
ticity of volume is shown by a rubber ball, when hT 
it is released after it has been squeezed in the *nt& 
hand. If a body regain its original shape, as a Fl8r * 45# 
strip of steel will do after having been bent, its elasticity is 
called elasticity of form. 

d. A perfectly elastic body is one which completely recovers 
its original volume or shape the instant the stress is removed. 
Air and all gases, water and all liquids, are perfectly elastic. 
They recover their original size completely and at once when 
they are released from pressure, however great it may have 
been or however long it may have been applied. 

e. But solids do not behave in this way. There is a limit 
to their el&sticity. For example : If an iron wire is stretched 
by a moderate pull, it will spring back to its original length 
exactly; but if the pull is greater and greater, the wire will at 
length be stretched beyond its power to recover, and a perma<- 
neht change in length will be produced. When this permanent 

cooley's phys. — 6 
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change, or "set," begins, the wire has reached the limit of its 
perfect elasticity. Very many solids are like iron in this 
respect They are perfectly elastic so long as the stress does 
not exceed a certain amount. Bat if strained beyond their 
limit, they gradually lose elasticity and finally break (§ 46, o). 

/ The elongation of any wire depends on three things: 
first, the length of the wire ; second, the area of its cross sec- 
tion; and, third, the stretching force. 

Take a unit value of each one of these three things, and 
the elongation is then called the coefficient of elasticity of the 
substance of the wire. Thus the coefficient of elasticity of 
iron is the elongation, per centimeter of its length, which re- 
sults when a wire, whose cross section is 1 sq. mm., is stretched 
by the weight of 1 g. The kilogram is a better unit of stretch- 
ing weight in case of very rigid substances like iron, because 
it gives a larger coefficient. Even then it is an extremely 
small fraction. But it is the same for all iron of the same 
quality. So, likewise, every elastic substance has its own 
coefficient of elasticity. The reciprocal of a coefficient, or 

, is called Young's modulus of elasticity. These 

coefficient 

values have been found with care, and are laid down in tables 

for the use of students and artisans. (Appendix III., 4.) 

46. Tenacity. — a. A splinter of wood, which breaks easily 
when bent, cannot be broken easily by a pull directed length- 
wise. A strip of paper, which is easily torn, is broken with 
difficulty by a steady pull in the direction of its length. Try 
it. The property of matter by virtue of which a body resists 
a tension is called tenacity. 

b. If steel pianoforte wire is tested by fixing one end in a 
firm support above, while masses are hung upon the other end 
below, it is found that a wire whose diameter is only .2 cm. 
will sustain up to 740 kg. The force which is required to 
pull a body asunder is called its breaking stress. The weight 
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of 740 kg. is the breaking stress of the particular wire 
described. 

c. The breaking force of a wire, or rod, or cord of any sub- 
stance, whose cross section is a unit area, is the measure of 
the tenacity of that substance. Thus, for example : The tenac- 
ity of pianoforte steel is the weight of 235.5 kg. per sq. mm., 
because a wire of this steel, 1 sq. mm. area of cross section, 
requires the weight of 235.5 kg. to pull it asunder. 

This value is found as follows : An experiment shows that 
the wire whose diameter is 2 mm. breaks under the weight of 
740 kg. Now the area of the cross section, if the diameter 
is 2 mm., is .7854 x 2 s , or 3.1416 sq. mm. ; and if with this 
area it breaks under the weight of 740 kg. with an area of 

1 sq. mm., it would break under the weight of — — — , or 
H B 3.1416 

235.5, kg. 

d. Hence the tenacity of a substance is found by dividing 
the breaking stress by the area of the cross section of the 
body broken. Thus: 

Tenacity breaking stress _ 

area of cross section 

Tenacity is also called tensile strength. 

Example. — A teat rod of aluminum bronze, 8.2 mm. in diameter, broke 
when stretched by a force equal to the weight of 4433.5 kg. What was 
its tensile strength ? 

-4»*. ^ 33 '^ ^ = the weight of 88.9 kg. per sq. mm. 
.7864 x 8.2« e -**~-* 

Experiment 88. — Object. To find the breaking stress and the tensile 
strength of a given wire or thread. 

Remember that kinks and sharp bends weaken a wire or thread and 
must not be permitted in this work. Remember also that a jerk will 
break a wire which a steady stress of equal strength will not. Sudden 
pulls must be avoided (§ 4, c, d). 

Apparatus. A and B (Fig. 46) l are blocks about 4 x 2} x } inches 
each ; p and p' are posts about 1 inch in diameter, fixed upright by 

1 From Hall and Bergen, modified. 
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screws ; s and m' are screw books set in a line which touches the circum- 
ference of the posts. C is a clamp by which one block is firmly held upon 
the table. D is a spring balance to record the stress applied. Wires 
No. 30, of brass, iron, steel, or copper may be used. 

Operations. Clamp A to the table. Wind one end of the wire two or 
three times around the post p, and fasten it to the hook $. In like man- 
ner, make two or three turns around the other post, and fasten the end 
of the wire to hook s 1 . The length of wire between the posts is not 
important 

1 To find the breaking stress. Hold the spring balance in the left 
hand, with its hook fixed by the screw hook s t t horizontally, and on its 
back, and grasp its ring with the right hand. Place the eye directly over 
the scale, pull gently to just straighten the wire, and record the scale 
reading. This must be subtracted from all future readings. Why ? 
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Fig. 46. 



Now pull steadily, gradually increasing the stress. Keep the eye con- 
stantly above the index of the balance, and watch intently until the wire 
breaks. The scale reading at that moment shows the breaking stress of 
the wire. Repeat the experiment several times, and take the average of 
the results. 

2. To find the tensile strength of the wire (§ 46, d). Find the diameter 
of the wire. This is done by using a wire gauge which gives the gauge 
number, and then taking the corresponding diameter from a table. Com- 
pute the area of a cross section (d 3 x .7854). Finally compute the 
tensile strength, or tenacity, as in d. 

Compare the strengths of thread, — linen, cotton, silk, — of different 
trade marks and different sizes, by part 1 of the foregoing experiment. 



IV. MOLECULAR AND MASS ATTRACTIONS. 

MOLECULAR ATTRACTION. 

47. Cohesion. — a. If a solid body is built up of molecules 
(§ 34), there must be a mutual attraction which binds them 
together. This molecular attraction is called cohesion. Tenac- 
ity is due to cohesion. It is the attraction of its molecules 
for each other, or its cohesion, that keeps a wire from being 
broken by a pull, and the breaking stress (§ 46, b) is a measure 
of cohesion. Other properties of matter which you can recall 
could not exist but for cohesion. 

Experiment 29. — Object. To test for the cohesion of water at its 
surface. 

A plate of metal or glass, say 5 cm. square, is thoroughly cleaned by 
washing it first with a solution of caustic potash and then with water. It 
is suspended (P, Fig. 47) by four 
fine threads cemented to its surface, 
one at each corner, below the pan of 
a specific gravity balance, so as to 
lie in a horizontal position, and then 
carefully balanced by sand or shot 
in the opposite pan. 

Place a vessel of water below the 
plate, and adjust it until the plate 
lies on the water when the balance 
beam is horizontal, excluding all air 
bubbles by letting one edge of the 
plate touch the water first, and then 
slowly lowering the other edge. Pro- 
ceed to put small box-masses on the 
pan until the plate is lifted. Note 
the sum of the masses used. 

Examine the under surface of the plate, and you will find it covered 
with a film of water. Instead of pulling the plate from the water, the 
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masses have evidently palled a film of water off the surface of the water in 
the vessel. This makes it clear that there is an attraction which holds 
the molecules of water together. The breaking stress of the water is the 
weight of the masses which pulled the film off, and to compute the cohe- 
sion of the water per sq. cm. which was overcome by this weight, proceed 
as in § 46, d. We have: 

Cohesion per sq. cm. = weight of the masses, 
area of the plate 

Make the computation and state the results in milligrams per sq. cm. 

b. The fact that a film of water was carried off by the plate 
in the foregoing experiment shows that there is an attraction 
between the metal and the water. Such mutual attraction of 
molecules of different kinds of matter is often called adhesion. 
The molecules in a crayon are held together by cohesion, but 
they are held upon a blackboard by adhesion. 

c. There is a slight cohesion in liquids; it is stronger in 
some liquids than in others. There is adhesion between liquids 
and solids. A hand, when withdrawn from water, is wet; 
why should it be so ? Let the hand be withdrawn from a bath 
in mercury, and it emerges without a drop of that liquid cjing- 
ing to it. The fact is that while the adhesion between the 
hand and water is stronger than the cohesion in the water, 
the adhesion between the hand and mercury is weaker than 
the cohesion in mercury. Why do the feathers of a bird shed 
water so well ? 

d. A broken solid, such as a fractured vase, cannot be 
mended by pressing the pieces together, however nicely they 
may be fitted to their places. This fact suggests that the 
attraction of molecules can extend only through a distance 
insensibly small. This distance has been estimated to be 
.000005 cm. The edges of the pieces of the vase cannot be 
pressed close enough together to bring their molecules within 
the range of their mutual attractions. 

Possibly the vase may be mended by using a cement. The 
cement between the pieces unites them by its adhesion to both 
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edges between which it is placed. But for this purpose it 
must be applied as a liquid or a very soft solid, so that it will 
flow, or may be pressed, into such close contact with the edges 
that the molecules shall be within the range of their mutual 
attraction. It must then be allowed to harden by cooling or 
drying until its own cohesion is strong. 

e. Plastic solids, like wax and red-hot iron, may be made 
to cohere by pressure. Two pieces thus become a single mass. 
This explains the process of welding. When the ends of two 
iron bars are heated to redness, laid one upon the other, and 
pounded with hammers, or pressed between heavy rollers, 
they cohere. The two bars become one, which is, when cold, 
as strong at the junction as elsewhere, simply because the 
molecules of the two pieces have been driven within the 
minute range of their mutual attractions. 

48. Surface Tension. — a. A dry sewing needle, if laid care- 
fully on the surface of water, will float. Try it. The same 
needle, if put never so little below the surface, will sink. 
Examine the needle as it rests on the water, and you will see 
that it lies in a trough much larger than itself. The surface 
film of the water is really bent, but not broken, by the weight 
of the needle. This is one of many facts which show that the 
surface film of water acts as if it were a thin skin, very elastic, 
somewhat tough, and tightly stretched over the water. An 
elastic membrane stretched over the water would support a 
mass in much the same way. 

The free surfaces of other liquids behave in a similar man- 
ner. The stress which exists in the surface film of a liquid 
is called surface tension. 

Experiment 80. — Object. To measure the surface tension of water, 
and compare the surface tension and viscosity of water and soap solution. 

1. Make a rectangular fork (Fig. 48, /) by bending a wire, about 
15 cm. long, making the legs about 6 cm. each and the crosspiece about 
3 cm. Suspend the fork from the hook of a balance by means of a fine 
thread tied to the middle of the crosspiece, and place the legs in a vessel 
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of pare water. Counterpoise the fork with sand, and adjust the water so 
that the crosspiece shall be about 1 cm. above its surface when the beam 

is horizontal. Depress the 
beam until the crosspiece is 
under water. Notice that the 
water holds it down. Then 
add small masses, gently, to 
the counterpoise; a film of 
water will be lifted in the rec- 
tangle of the fork, and the 
masses may be carefully in- 
creased until their weight is 
just able to break the stretched 
film. The experiment should 
be repeated, and the great- 
est stretching weight which 
the film bears should be 
noted each time. These val- 
rl *' 48# ues should not differ very 

much, and the average may be taken as the breaking stress of the film. 

But the film has two surfaces, and its tension must therefore be double 
the tension of a single-surface film, like that of the free surface of the 
water in the vessel. Moreover, the film is about 3 cm., or the length of 
the crosspiece, wide. 

Hence to compute the surface tension per cm. width, we have, 

Surface tension = ^reakmg stress . 
2 x width of film 

In an experiment with water (not pure) at 18" C, the following result 
was obtained : 

Width of film, or length of the crosspiece = 2.6 cm. 

Breaking stress = the weight of 390 mg. 

390 

/. Surface tension per cm. = = the weight of 75 mg. 

^ 2 x 2.6 6 

The true value for pure water at 20° C. is the weight of 75.7 mg. per 
cm. Small quantities of impurities reduce the surface tension consid- 
erably, and this may account for the smaller value obtained. 

2. Find the surface tension of soap solution by the method just 
described. Notice whether the soap solution or water has the larger 
and tougher film. Which has the greater surface tension ? 

b. By comparing the results of experiments made with water 
and soap solution, we discover that the extent to which a film 
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may be stretched is not determined by the surface tension of 
the liquid. It is due to another property, which is called sur- 
face viscosity. 

A soap film may be enormously stretched, as when a large 
soap bubble is blown, because the surface viscosity of the solu- 
tion is great. A bubble cannot be blown with water because 
the surface viscosity of water is small. Yet the surface ten- 
sion of water is much greater than that of soap solution. 

The froth which is easily produced on some liquids consists 
of a multitude of minute bubbles. Froth cannot be raised on, 
pure water because its surface viscosity is so small. 

Experiment 31. — The tension of soap solution may be exhibited as 
follows (Appendix IV., 1) : 

Blow a soap bubble four or five inches in diameter, and remove the 
lips from the pipe (Fig. 49, 1). The babble will at once begin to 
shrink, and continue to do so with increasing rapidity until it finally 
shrivels into the pipe bowl (Fig. 
49, 2). On account of its surface 
tension the film contracts upon 
the air within and expels it from 
the outlet. 

In like manner the surface 
film of a drop of water contracts 
upon the water within. There is 
no outlet for the water inclosed, 
and its reaction (§ 9, g) balances 
the surface tension. 

c. If a sheet of thin rubber is very tightly stretched, with 
its edges fastened over a hoop, and then 
pierced by a knitting needle, the hole will 
instantly be much enlarged (Fig. 50), be- 
cause the stretched sheet will spring back 
in all directions toward the hoop. Now 
if you will properly break the surface film 
of water, that too may be seen to spring 
fi*> so. j n aj] directions away from the puncture. 

Fig. 51 represents a dish containing water. With the point 
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Fig. 51. 



of a pen place a little ink on the center of the water surface. 
The ink breaks the surface film, which instantly springs away 
and carries the ink with it to a considerable distance. It 

springs away for the same 
reason that a stretched rub- 
ber sheet or cord springs back 
when released, because its 
molecules attract one another. 
d. But why is this action 
confined to the surface ? Be- 
cause the molecules every- 
where below the surface are attracted by one another equally 
in all directions, while those at the surface are attracted by 
others only downward and sidewise. There is no attraction 
upward on the surface molecules but that of the molecules of 
the air above, and the downward and sidewise pulls of the 
water molecules below are much stronger than that. 

In regard to the probable thickness of the surface film, to 
which all the phenomena of surface tension are due, consult 
§ 47, d. 

49. Some Effects of Surface Tension. — a. If a piece of glass 
be inserted in water, the surface film will be cut, but instead 
of springing away (§ 48, c) it will rise a little distance alongside 

the glass (Fig. 52). It rises be- 
cause the attraction between 
molecules of glass and those 
of water is stronger than that 
between molecules of water 
(§ 47, c). 

If a piece of glass be inserted in mercury, the surface film 
of mercury will be cut and the liquid will sink below the level 
(Fig. 53). It sinks because the attraction between the mole- 
cules of glass and those of mercury is weaker than that 
between molecules of mercury. 
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Examine the surface of water in a small goblet; is it as 
high in the center as it is around the edges ? Explain. 

Examine the surface of mercury in 
a small goblet ; is it as high in the 
center as it is around the edges? 
Explain. 

b. The mutual action of solids and 
liquids, by which the surface of the 
latter is raised or lowered, is com- 
monly called capillarity. It receives 
this name because solids in the form 
of small tubes (capiUus, a hair, hence hairlike tubes) show it 
in the highest degree. T (Fig. 66) represents a small open 
glass tube inserted in water, h represents the top of the col- 
umn of water which was instantly lifted within. Try it. 

T(Fig. 57) represents a small glass tube inserted in mercury. 
h represents the top of the mercury within. Try it. Notice 
the different shapes of the surface within the tubes ; the sur- 
face of water is concave; that of the 
mercury, convex. 
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c. T y t, t x (Fig. 58), represent tubes of different diameters, 
supported on the top of a beaker by a bar of wood with holes a 
little larger than the tubes, in which the tubes are kept from 
slipping by little wedges of wood. Each tube was lowered 
nearly to the bottom of the beaker, so that the water would 
rise and wet the glass inside. It was then lifted and fastened 
by the wedge. The water fell down in the tubes to the levels 
shown. Try it (Appendix IV., 2.) 
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This experiment reveals the fact that a liquid is lifted to 
greater heights in tubes of smaller diameters. But the pre- 
cise relation between the heights and the diameters, — in other 
words, the law which governs the rise of a liquid in capillary 
tubes, can be discovered only by careful measurements, under 
fixed conditions. The following facts and laws have been 
revealed : 

1. If very clean water is used, with the cleanest possible 
glass tube and vessel, it is found that, at a temperature of 
18° C, water will rise in a tube 1 mm. in diameter to a height 
of 29.79 mm. (almost 3 cm.). 

2. In tubes of different diameters at the same temperature, 
the elevation of a liquid which wets the tubes, or the depres- 
sion of one which does not, varies inversely as the diameters. 

3. The elevation or depression varies with temperature ; it 
becomes less as the temperature rises. An elevation at 100° C. 
will be about four fifths of what it would be at 0° C. 

4. The elevation in wetted tubes is almost independent of 
the material of the tube. 

5. But depression in tubes not wetted is different in tubes 
of different materials. 

6. Both elevation and depression are independent of the 
thickness of the tube. 

7. But both elevation and depression depend on the nature 
of the liquid. 

d. Capillary action is prettily shown by 
glass plates (Fig. 59). 

P represents two strips of window glass about 
5 inches long and 1J inches wide, side by side, 
separated by a strip of thin cardboard at the top. 
h represents the surface of water which instantly 
rises between these parallel plates when they are 
Fig. 59. inserted in that liquid. Try it. Explain the fact 

that the surface at h is lower at the edges of the plates. 

P (Fig. 60) represents two strips of window glass, making a small angle 
with each other, and inserted in water, h represents the surface of the 
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water which rises between the plates. Try it. In order to succeed best, 
clean the glass by immersing it in caustic soda and then rinsing it in pure 
water. Explain the fact that the water rises to different heights at differ- 
ent places between the plates. 

p 
e. Capillary action is shown by all bod- 
ies in which interstices exist. Thus the 
rise of oil in a lamp wick, the absorption 
of water from below by loose soil, the 
spreading of water through cloth, and its 
absorption by sponge and by wood, are due 
to capillarity. In all cases the interstices, 
not the fibers, are the capillary tubes. 

50. Crystallization. — a. Many minerals are found in na- 
ture in small masses, having definite shapes, called crystals. 
Specimens of galena, which is the most common ore of lead, 
are found in the form of perfect cubes, or rectangular blocks 
which are built up of cubes (Fig. 61). Water solidified, as 

frost on the window, or in snow- 
BwT ^ ^ ^ ^ flakes, presents a variety of definite 
m 1|H ■JUft^^ ^^ beautiful forms. 
A ShZ^ II Experiment 32. — The production of 

VflHl ^^ ^^ crystals may be studied as follows : 
^■^^ I^B 1. Sprinkle powdered alum into hot 

j,. el water, say 20 g. of alum to 100 cc.of water, 

stirring the liquid until the solid is dis- 
solved. In this solution the molecules of the alum are separated and 
scattered throughout the liquid. But now let it stand undisturbed for 
several hours. After the lapse of sufficient time, beautiful transparent 
bodies, of regular form, will be found in the dish. 

2. In most cases crystals form at once when a hot saturated solution 
is allowed to become cold. Try potassium sulphate. Dissolve 25 g. in 
100 cc. of boiling water, and look at the solution from time to time while 
it cools. 

3. Crystals form slowly when a strong solution evaporates on exposure 
to air. The slower the evaporation, the larger and more perfect will the 
crystals be. Try copper sulphate. Dissolve 42 g. in 100 cc. of water, 
warming it gently to hasten the solution, and then let it stand undis- 
turbed. In due time the crystals will form. 
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b. The molecules of a solid in solution have great freedom 
of motion, and can be slowly drawn together by their mutual 
attraction. In such cases they take their places in regular 
order and form masses of regular shapes. Thus crystals are 
built by molecular attraction. 

c. But the larger number of mineral bodies in the rocks 
and earth do not have these definite forms. The reason is, 
probably, that they became solid masses under circumstances 
that did not allow their molecules time and freedom to fall 
into the regular order which the molecular attraction would 
assign them if unhindered. 

In many cases, however, if we break a mineral mass whose 
external form is not regular, we may discover that it is, after 
all, a crystallized body, by noticing that it is made up of a 
multitude of small distorted crystals closely packed together. 
This is true of many rocks ; they have a crystalline texture. 



MASS ATTRACTION — GRAVITATION. 

51. Gravitation. — a. The fall of leaves from a tree, of rain- 
drops from a cloud, in fact, of all bodies when left without 
support, is caused by the mutual attraction between them and 

the earth. Cavendish, in 1798, 
proved by direct experiment 
that two balls mutually attract 
each other, showing that other 
bodies exhibit a force similar 
to that which the earth exhibits 
toward them. 

b. The experiment was car- 
ried out, with every precaution 
against error, on the following 
plan : Two small balls (m, m', Fig. 62) were fixed upon the ends 
of a long and slender rod which was suspended by a fine wire. 




Fig. 62. 
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Two larger balls, M, Jf, were fixed near and on opposite sides 
of m and m'. It was found that the smaller balls would slowly 
but surely swing toward the larger ones until stopped by the 
torsion of the wire. 

c. Sir Isaac Newton was the first to announce that the same 
force which exists between bodies upon the earth exists also 
between the earth and moon and the sun and stars. There 
is a mutual attraction between all bodies, whatever their sizes 
or their distances ; it is called gravitation. 

d\ Newton's universal law of gravitation states that the 
attraction between any two bodies varies directly as the product 
of their masses and inversely as the square of the distances be- 
tween their centers of mass. 

Let A and B (Fig. 63) represent two bodies, and d the dis- 
tance between their centers of mass. If the mass A is 8 
pounds, and B 10 pounds, while d is 4 feet, then their mutual 
attraction, according to the law, is 
the weight of 8 x 10 -j- 16, or 5, /^\ d /^N 

pounds, which is 32.16 x 5 = 160.80 \ls " " \iJ 

poundals(§ 13,/). 

e. If we let m and m' stand for the masses, d for the dis- 
tance, and G for the gravitation, Newton's law may be writ- 
ten: G varies as mxm'-s-cP. If all these quantities are 
measured in appropriate units, then 
^__ mxm r 
d 2 

Examples. — - If two bodies, 125 pounds and 75 pounds, are 60 feet 
apart (from center to center), find the strength of their mutual pull in 
gravitational units (§ 13, c, d). Am. The weight of 3.75 pounds. 

Two bullets, one 10 g., the other 16 g., lie upon a table, 25 cm. apart ; 
find the strength of their mutual attraction in absolute units (13, c, d). 

Am. .24 dynes. 

52. Gravity. — a. There is no real difference between gravi- 
tation and gravity. Gravity is simply the gravitation exhibited 
by the earth toward bodies which are at no great distance from 
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it Gravity and gravitation are obedient to the same law 
(§ 51, d). But we need not take the earth's mass into account 
when we compare the gravities of two bodies. The earth and 
a cannon ball attract each other ; so do the earth and a bird 
shot, but with much less force. The two forces are to each 
other as the masses of the cannon ball and the bird shot 
Their ratio is not affected by the mass of the earth, because 
that is the same for both. 

b. Hence the mutual attraction of the earth and the differ- 
ent bodies above its surface varies directly as the masses of 
those bodies. 

Of course (§ 51, d, e) gravity varies also with the square of 
the distance from the center of the earth. But, in any one 
locality, there is very little difference in the distances of bodies 
from the earth's center. A body at the surface is, say, 4000 
miles from the center ; 500 feet above the surface is less than 
40 i 00 of that distance farther away. Now if you will com- 
pare the square of 4000 and the square of 4000 + 40 ft 00 , you 
will be able to say to what extent distance above the earth in 
a given locality affects the gravity of a body. Do this. 

c. But owing to the shape of the earth, bodies on its sur- 
face, even when at the common level of the sea, are nearer 
the center of the earth as the locality is farther from the 
equator. This difference must be taken into account in meas- 
uring gravity in different latitudes. 

d. Since the weight of a body is the measure of the earth's 
attraction for it, the weights of bodies, at the same place, vary 
directly as their masses. On this principle the beam balance 
enables us to compare the quantities of matter in two bodies 
(§ 4, /) . But we are not to lose sight of the fact that a 
pound is a quantity of matter, while the toeight of a pound is a 
quantity of force. Clear thinking and accurate speaking should 
compel us to speak of quantities of matter in terms of mass, 
and of gravity in terms of weight. 



§ 64.] GRAVITATION. 97 

e. Weight should be measured in units of force (§ 13, c). 
As already stated the weight of a pound, in the latitude of 
New York, is 32.16 poundals, because gravity increases the 
speed of a falling body at the rate of 32.16 feet per second, 
and for a similar reason the weight of a gram is 980 dynes. 
Hence the weight, W, of any mass, m, if we let g stand for the 
acceleration, 32.16 feet per second, or 980 centimeters per 
second, is 

TT= m x g. 

63. Studies. — 1. How many dynes are there in one poundal ? What 
is the weight of 20 pounds in the latitude of New York ? What is the 
weight in poundals of 10 kilograms ? 

2. Is the weight of 10 pounds of flour greater or less in London than in 
New York ? Why ? By what instrument can the difference be detected ? 
Why can we not detect the difference by a beam balance ? 

3. Should 60 kilograms weigh more or less on a mountain at the height 
of 4 miles than at the sea level ? According to what law ? Assume the 
radius of the earth (from the center to the sea level) to be 4000 miles, 
and find the difference in the weight of the 60 kilograms at sea level and 
on a mountain at a vertical height of 4 miles. 

4. What velocity would a force of 36 poundals produce in a 3-pound 
ball in 2 minutes ? 

6. A 20-gram ball started from rest, and in 16 minutes it was going 
with a speed of 76 cm. per second ; how much force was being con- 
stantly exerted to move it? 

54. Direction and Constancy of Gravity. — a. Gravity is 
everywhere directed toward the center of the earth. This is 
shown by the fact that bodies everywhere, if not hindered, fall 
in straight lines toward that point (§ 11, a). These " lines of 
direction" seem to be parallel. Thus if balls be dropped 
from two adjacent windows, they will strike the ground at 
points which, by ordinary measurement, are just as far apart 
as the points from which they started. But if they start from 
points widely separated, this is not so. Falling bodies are 
directed downward in every country ; but downward is, every- 
where, toward the center of the earth. 
cooley's phts. — 7 
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b. Gravity is a constant force ; it never for an instant ceases ; 
and on the same mass, at the same place, it never varies in 
strength. Hence gravity not only starts a falling body, but 
it should impart approximately the same acceleration to it 
in every second of its fall. We say approximately, because as 
a body approaches the earth, gravity does really strengthen 
(§ 52, b), and to that extent it increases the acceleration. 

c. Motion in which the velocity changes just as much in 
each succeeding second as in the first is called uniformly accel- 
erated motion. The motion of a falling body is the best illus- 
tration. It would be a perfect example if it were not for the 
slight increase of acceleration due to the lessening distance 
from the earth, and the diminution due to the resistance of 
the air, which becomes very great when the motion is swift. 

d. The acceleration due to gravity is the same for all 
masses. This was proved by Galileo. His experiment con- 
sisted in dropping unequal balls of iron from the top of the 
leaning tower at Pisa. He found that, whatever their masses, 
the balls reached the ground at the same instant. Using balls 
of iron and of wax, he found that those of wax lagged behind. 
But this could be attributed to the resistance of the air, which 
retarded the lighter wax balls more than the balls of iron. 
Thus if you will drop, at the same instant, a penny and a 
disk of paper, of equal diameters, the penny will hasten in a 
straight line, while the paper more leisurely flutters to the 
floor. Try it. The fact is that the resistance of the air is pro- 
portional to the area of the under surface of the falling body, 
while the energy of the body to overcome it is proportional to 
the mass of the body. Hence denser bodies are less retarded. 

55. Acceleration found by Atwood's Machine. — a. At wood's 
machine is an instrument by which to reduce the speed of a 
falling body by increasing the mass without increasing the 
gravity. It is necessary to do this in order to make the 
acceleration small enough to be measured. 
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The machine consists essentially of : (1) a grooved wheel, D (Fig. 64), 
with a long, slender, but strong silk cord 
passing over it, and carrying two equal 
masses, A and B, at its ends ; (2) a pil- 
lar, C, six or seven feet high, supporting 
D, and graduated in inches or centime- 
ters, with the zero at the top ; (3) a sec- 
onds pendulum, J*; (4) a rider, which, 
placed on A, will cause motion ; and (5) a 
ring and platform to arrest the rider and 
the masses at any desired points on ft 

The masses A and B balance each 
otber, and leave the rider to produce 
whatever motion occurs in all three to- 
gether. Thus : If A and B are each 
49.5 g. and the rider 1 g. } there will be a 
total mass of 100 g. to be moved by the 
earth's pull on 1 g. Hence the accelera- 
tion will be only .01 as great as if the 
rider were falling freely (§ 11, a). In this 
way we can obtain acceleration due to 
gravity, but as small as we desire. The 
scale on C enables us to measure dis- 
tance, and the pendulum, to measure 
time. 

Set the pendulum vibrating. Place the 
rider upon A, and carry it up to the zero 
of the scale ft Find by trial where the 
ring must be fixed in order to arrest the 
rider at the end of one second. The mass 
A will be no longer moved by gravity, but 
will go on from the ring with a uniform 
velocity, which was acquired in that first 
second. 

To measure it, find by trial where the 
platform must be fixed to arrest the mass 
A at the end of one second after it leaves 
the ring. The distance between ring and 
platform is the distance per second which 
the mass goes with the velocity which 
gravity gave it in the first second. Thus 
if the ring is found to be at 5 cm., the 
platform should be found at 15 cm., so Fig# Mt 
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that the velocity produced by gravity in the first second is 10 cm. per 
second. 

Further experiments show that 10 cm. per second is produced in each 
succeeding second also. It is the acceleration of the total mass, but it is 
produced by the weight of the rider alone. If the mass of the rider is .01 
of the total mass, as we have supposed, its weight can produce only .01 of 
the acceleration it would produce in the rider alone. Hence the accelera- 
tion of the rider falling freely would be 1000 cm. per second. 

b. Another instrument for determining the acceleration due 
to gravity is the pendulum (§ 69, e), and the accepted values 
have been found by its use. The best determinations show 
that the acceleration of a freely falling body, in the latitude 
of New York, is approximately 980.19 cm. per second, or 32.16 
feet per second. The acceleration due to gravity is represented 
by g. The values just stated are the values of g at New York. 

c. The acceleration of a body going vertically upward is 
the same in numerical value as that of a body falling. It differs 
simply in direction. Gravity retards the motion of a body 
upward and hastens its return, but the change of velocity per 
second is the same in value. When the velocity increases, the 
acceleration is said to be positive, and when it diminishes, the 
acceleration is said to be negative. 

56. The Laws of Falling Bodies.— a. By the "laws of fall- 
ing bodies " we mean general statements of the relations which 
exist among the values of time, distance, speed, and accelera- 
tion in a motion due to gravity. These laws may be ascer- 
tained by experiments, or they may be derived as inferences 
from facts already known. Let us take the latter method. 

b. Since the acceleration of a body is the velocity acquired 
in one second, the total velocity at the end of any number of 
seconds must be equal to acceleration x time. Or writing 
the symbols of these three quantities instead of words: 

v = gt. (1) 

But g, at any given place, is the same for all bodies, so that, 
at that place, the value of v depends on t only. Hence we 



§ 66.] GRAVITATION. 101 

may translate the equation as follows : The final speed of a 
falling body at any given place varies directly as the time occu- 
pied in its fall. This is the first law of falling bodies. 

But g is not the same everywhere, and hence we translate 
the equation for different places with reference to g, by sup- 
posing the time, t, to be the same for bodies at the two places 
where g differs. It will then read as follows : The final speed 
of a falling body, acquired in equal times at different places, 
varies directly as the force of gravity. This is the second law. 

c. But the equation not only shows what the laws are ; it 

also shows how to solve problems. By substituting the known 

values of either two of the quantities involved, that of the 

third may be found. 

Example. — If an apple reaches the ground with a speed of 10 m. per 
second, how long was it in falling from the branch ? v = gt becomes 
1000 = 980 x t. Ans. 1.02 seconds. 

d. Next let us start with the fact that the distance traversed 
in one second is numerically equal to the average speed during 
that second (§ 10, d). This is true for any other length of 
time. For example: If a body starts from rest, and at the 
end of 5 seconds has a speed of 80 cm. per second, its average 
speed (during the 5 seconds) is -f 80 -*- 2, or 40 cm. per second. 
The total distance is just the same whether the body starts with 
zero speed and ends with 80 cm. per second, or goes at the uni- 
form speed of 40 cm. per second from the start, so that in the 
5 seconds the whole distance must have been 40 x 5, or 200, cm. 

But we have just seen (6) that the final speed of a fall- 
ing body at the end of t seconds is gt. Its average speed, if 
it start from rest, is & , or \gt, and this multiplied by the 

number of seconds, t, gives the total distance, %gt\ Let s l 
stand for total distance traversed, and we have 

— igf. (2) 

1 s is set apart in physics to denote distance traversed, as g is set apart to 
denote- acceleration by gravity, and t to denote time. 
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We may translate "Equation (2) as follows: TJie distance 
through which a body falls in a given time at any one place varies 
as the square of the time. This is the third law. 

To solve problems by Equation (2), substitute known values 
for any two of the three letters. 

Example. — An arrow which was shot vertically upward, returned to 
earth in 6 seconds after leaving the bow ; to what height did it rise ? The 
arrow would take just as long to go up as to return ; hence it was 3 sec- 
onds in falling. Then if g is 32.16, s=\gt 2 becomes s = J x 32.16 x 9. 

Ans. 144.7 feet, approximately. 1 

e. Now that we have the two equations (1) and (2), let us 
see what we shall get by combining them algebraically. Thus: 

From (1) we find that t = - and t* = -• 

9 9* 

From (2) we find that t 2 = — • 

9 

o o 

Equating these values of t 2 , we have — = — • 

T 9 

Hence, s = —-, (3) 

*9 

and also v = V2 gs. (4) 

We may translate Equation (3) as follows: TJie distances 
traversed by bodies falling freely at a given place vary directly 
as the squares of their final speeds. This is the fourth law. 

We may translate Equation (4) as follows : The final speeds 
of falling bodies, at a given place, vary directly as the square root 
of the distance through which they have fallen. This is the fifth 
law. 

57. Gravity, the Type of a Class of Forces. — All forces which 
are, like gravity, continuous and of uniform strength, will pro- 
duce uniformly accelerated motion. The value of acceleration 
will, of course, depend on the value of the force ; but in any 

* We have neglected the fact that the arrow starts from the bow, while it 
'alls to the earth ; it must be a trifle longer coming down than going up. 
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case it may take the place of g, and then the formulas for 
falling bodies will apply to all uniformly accelerated motions. 
The letter a is set apart in physics to represent acceleration in 
general. Put a in place of g. Then (Equation 1), 

v = gt becomes v = at. 

In like manner you should transform each of the other three 
equations. 

58. Studies. — 1. A marble, dropped from a window in a house in 
New York, was observed to strike the sidewalk in 2 seconds ; how high 
was the window above the walk ? 

2. From a balloon at a height of 1000 feet, a bag of sand was dropped ; 
how long a time did it take to reach the earth ? (Take g = 32. 16 feet.) 

3. A stream of water is to be thrown to the roof of a building which 
is 80 feet above the nozzle of the hose of the fire engine ; with what 
velocity must the water leave the nozzle ? 

4. With what average velocity would you need to walk in order to go 
a half mile in six minutes (§ 10, e) ? 

5. A ball rolling down a long inclined plane reached its foot in 10 
seconds, and had acquired a speed of 4 feet per second ; what was its 
acceleration ? What was the length of the plane ? How far did it go 
in the first second from the start ? 

6. A train with the brakes on passes the door of a station with a 
velocity of 95 feet per second, and an acceleration of — 4 feet per 
second ; how long before it stops ? 

7. If the steam which drives a train is kept up with uniform pressure, 
why does not the motion of the train continue to be uniformly acceler- 
ated, instead of soon becoming approximately uniform ? When the 
motion of the train has become uniform, while the full power of steam 
is still on, what work is the engine doing ? 

8. How does the atmosphere affect the motion of a falling body ? 
Explain. 

9. If a hailstone weighing J an ounce falls from the height of a mile, 
with what energy would it strike the earth if there were no atmosphere to 
retard it ? 

10. A ball thrown vertically downward from a tower 100 feet high, 
leaves the hand with a velocity of 12 feet per second. With what 
velocity would it strike the earth if the air did not retard it ? 
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Summary of Units. 

59. The Two Systems. — a. A quantity is measured by find- 
ing how many times a definite quantity of the same kind, 
called a unit, is contained in it. A quantity is expressed by 
stating the name of its unit with the number prefixed ; e.g. 
1 foot, 10 seconds, 4 pounds. 

b. There are two systems of units, the English and thG 
Metric. The first is used chiefly in the United States and 
England; the second is international. 

c. There are only three fundamental units. They are the 
units of length, mass, and time. 

The English . . yard . . pound . . second ; 
The Metric . . meter . . kilogram . second. 

All other units are derived from these, and hence are called 
derived units. 

d. In the measurement of all quantities for scientific pur- 
poses, the units are derived from the metric fundamentals. 
They are the centimeter, the gram, and the second. The sys- 
tem founded on these fundamental units is called the " centi- 
meter-gram-second system," or, briefly, the C. G. S. system. 

60. Derived Units. — The following is a list of some derived 
units in the English and the C. G. S. systems, which have 
already been defined in connection with our study of the 
various quantities: 

Quantities. English. C. O. S. 

Area (§2, a,/), square inch . . . square centimeter. 

Volume (§3, B, a), cubic inch . . . . cubic centimeter. 

Velocity (speed) (§10, c), 1ft. per sec. . . . 1cm. per sec. 
Acceleration (§ 12, &), 1 ft. per sec. each sec. 1 cm. per sec. each sec. 
Force (§12, c), poundal .... dyne. 

Weight, Absolute (§13, c), poundal .... dyne. 
Work, Absolute (§16,6), foot-poundal . . . erg. 
Energy, Absolute (§17,/), foot-poundal. . . erg. 
Activity (§ 16, 6, c) , 560 foot-pounds per sec, watt 
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61. Simultaneous Forces. — Newton's First Law of Motion 
(§ 4, c) declares that a body once started will move forever 
if left to itself But Nature never leaves a body to itself. The 
mutual actions and reactions of all bodies are unceasing, and 
every body is subject to several forces at the same time. Two 
or more forces acting upon a body at the same time are called 
simultaneous forces. 

In this section we are to see how two or more forces, acting 
at the same time, combine with each other in producing effects. 

62. Composition of Forces. — a. Two simultaneous forces 
will combine to produce one 
motion. This fact may be 
illustrated as follows: ^ ,fc 

Experiment 33. — Fix the mid- 
dle of a cord to a block of iron or 
other mass (m, Fig. 65), resting on 
the floor, and pass the ends over 
smooth knobs (k) screwed into the 
edge of the table. 

Then pull both ends, equally, 
and the mass will go toward neither 
knob, but vertically upward. If 
you pull more strongly with the 
right hand than the left, the mass 
will take some path to the right of 
the vertical. The direction of the mass is always a compromise between 
the directions of the two pulls. 

It is evident that the two oblique forces lift m exactly as one force 
would do if it were to pull with the right strength and in the direction 
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wkich m actually takes. So in every case, where there are two forces 
upon the same point at once, there is always some one force which, alone, 
would produce the same effect. 

b. Three things are to be mentioned in order to describe a 
force: First, its magnitude, by which we mean its value in 
dynes, or poundals, or other units of force ; second, its direc- 
tion; third, its point of application, by which we mean that 
point in the body at which it is applied. 

c. A force may be represented to the eye by a line. The 
length of a line represents the magnitude of a force. The end 

of the line represents the point of application. 
An arrowhead on the line, pointing away 
from the point of application, or toward it, 
represents the direction. Thus a line ab 
(Fig. 66), which is 30 mm. long, may repre- 
sent a force of 30 dynes, applied to a bar at 
fi*. 66. a and pulling toward b. Likewise ca, 20 mm. 

long, represents a force pushing to the left, on the bar at a, 
and equal to 20 dynes. The point of application is a. 

Experiment 84. — Object. To find a single force which, alone, will 
have the same effect as two given forces acting together at the same point 
hut in different directions. 





Fig. 67. 

Fig. 67 represents the apparatus. Two forces are to be applied to a 
loop in a cord at I, by means of two spring balances, / and /, pulling in 
the directions of the arrows, A third balance, r, is fi?ed to a block, Jfc, 
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which is clamped to the table. Very flexible, strong cord should be used. 
A piece of convenient length is made double by tying its ends together, 
and then fixed on the hook of r. A longer cord is passed through the loop 
and then fixed upon the hooks of / and f. Blocks, e and c', are clamped 
on the front edge of the table, and cords from the rings of /and/, passed 
through their hooks, will enable one person to pull both balances at once. 
It is better that a second person should read the scales. 

The balances should lie flat on their backs. 

Their hooks should be supported in a horizontal position to avoid fric- 
tion of the index. 

The scales should be read with the eye directly over the index. Why ? 

Operations, Pull the cords of / and /, and fasten them. Jar the 
balances to relieve the index from friction. Record the readings of the 
three scales in the tabular form. Readings / and / measure the two 
forces applied to 2, and r measures their combined effect on I. 



Scale 
/ 


Scale 


BCALB 

r 









Next proceed to represent these forces. Thus : Place your open note- 
book under the cords, and make pencil dots on the page, one, o, directly 
under the loop I, and others a, 6, c, between I and each balance, placing 
them carefully under the cords. 
Remove the book. 

Draw lines from o through a, 
5, and c, to show the directions 
of the forces (Fig. 68). Lay off 
from o on the lines oa and ob 
as many inches or centimeters 
as there are units of force in / 
and f. These lines, of and of, 
represent the two forces. 

From / and f draw dotted 
lines, parallel respectively to of 
and of, to complete a parallelo- 
gram, and draw the diagonal 
or. If the work has been very 
well done, the diagonal will be 
the line co prolonged ; and on 
measuring it, the length contains as many units as there are units of 
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Fig. 68. 
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force in r. So that a single force, or, would have the same effect on a 
body at o, at the two forces of and of. The experiment should be 
repeated with different forces, which may be done by clamping block k 
at different places on the table, and perhaps also changing blocks b and c. 

d. When two forces on one point can be represented by the 
two adjacent sides of a parallelogram, they may be replaced 
by one force, which is represented by the diagonal of the same 
parallelogram. This important principle is called the paral- 
lelogram of forces. The two separate forces are called com- 
ponents. The equivalent single force is called the resultant 

e. To find the resultant of two component forces on one point 

of application, but not directed in the same straight line : First 

construct a parallelogram whose adjacent sides represent the two 

forces, and second, draw and measure the diagonal. 

Example. — Two forces, one the weight of 6 pounds, the other of 8 
pounds, are applied to a body at a (Fig. 00), and directed as shown by 
the arrows at an angle of 60° ; find the direction and 
magnitude of their resultant. 

To do this, mark the point of application, a (Fig. 
70), on your paper. Let a line J of an inch long rep- 
resent the weight of 1 pound. Then with a protractor 
draw lines am and an, making an angle of 00°, and 

Fig. 60. ~^ * a y °^ a ^ ** ve J-* ncnes to represent the magnitude of 
one force, and ac, eight f-inches to represent that of 
the other. From b draw a dotted line parallel with ac, and from c 
another parallel with ab. Having thus constructed the parallelogram, 
draw the diagonal ali. This line all represents the resultant of the 
forces, — its point of application by a, its direction by a — > J?, and its 
magnitude by the length alt, since the number of quarter inches is the 
number of pounds whose weight is the force. 

How would you construct the resultant if the 5-pound force were in 
the direction 5a instead of ab ? 

f The single force represented by the diagonal aR is the 
equivalent of the two forces 5 and 8. Whatever the two to- 
gether can do, this one alone can do. It can replace them 
without changing the effect on a. A train may be passing a 
station at the rate of 5 feet per second, and from the rear plat- 
form, when it reaches a, a mail pouch may be thrown toward n 
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on the station platform with a velocity of 8 feet per second. 
The pouch would strike the station platform at R in just one 
second, because it leaves a with two motions — one given by 
the hand, the other by the train; but if the train had been 




Fig. 70. 



standing still at a, and the pouch had been thrown from a 
toward R, with the force represented by aR, it would traverse 
aR in the same time. 

g. The resultant of more than two forces can be found by 
repeating the construction required for that of two. 





* 40 d v 

Fig. 72. 

In Fig. 71 a particle at a is subject to three forces whose 
magnitudes and directions are shown. The resultant of the 
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20-unit and the 30-unit forces may be found ; it is represented 
by ar, Fig. 72. Then the resultant of ar and the 40-unit force 
may be found ; it is represented by aR, and is the resultant 
of the three given forces. 

The process of finding a single force which would be equiva- 
lent to two or more actual forces on a body, is called the com- 
position of forces. 

63. The Resolution of Force. — a. The force represented by 
aR in Fig. 70 would be equivalent to the two actual forces 
ac and ab; then evidently the two forces ac and ab would be 
equivalent to one actual force aR. It is evident that one 
force may be replaced by two others without changing the 
effect on a body. 

b. It is also evident that, if a single force which may 
replace two others is found by making a parallelogram and 
measuring its diagonal, then, conversely, the two forces which 
could replace the one, is to be found by making a parallelo- 
gram on the line that represents that one, as a diagonal, and 
measuring the adjacent sides. 

c. To see how this may be done, let us study the following 
example : 

A force of 32 poundals urges a body from a point, A, ver- 
tically upward to B in 20 seconds. We desire to replace this 
one by two others directed upward at 
angles of 45°; what must be their 
magnitudes ? 

Let us represent the forces on a 
scale of 16 poundals to the inch. 
Draw a vertical line, AB (Fig. 73), 2 
inches long to represent the 32 pound- 
als. From A draw lines Am and An, 
each making an angle with AB of 45°, 
to represent the directions of the desired forces. Complete 
the parallelogram by drawing from B a line, BD, parallel with 
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Am, and another, BC, parallel with An; then AC and AD 
represent the desired forces, fey measuring these lines we 
find the number of poundals which they represent. 

d. The process of finding two or more forces which would 
jointly have the same effect on a body, as a single force, is 
called the resolution of force. 

e. The same force can be resolved into any number of pairs 
of components, because one line may be the diagonal of any 
number of parallelograms. But if the directions of the com- 
ponents required are given, only one parallelogram can be con- 
structed. In that case the problem is definite and can be easily 
solved, as in the following case of a ball on an inclined plane. 

/. Sometimes a body moves in a direction different from 
that of the force which urges it. But this would seem to con- 
tradict Newton's Second Law of Motion (§ 11, a). All such 
cases can be explained by the resolution of forces. 

A ball on an inclined plane is a good example. Gravity is 
the only action on the 
ball m, on the plane 
AB (Fig. 74). But 
gravity is directed 
toward the center of 
the earth, while the 
ball rolls toward B. 
The fact is that only 
a part of its gravity 

i3 useful to urge the ball onward. This will be seen by 
resolving gravity into two components. 

Draw a vertical line and lay off on it cd, to represent the 
full strength of gravity on the ball. Draw ch to represent 
the direction of the motion, and ck perpendicular to AB. Com- 
plete the parallelogram by drawing de and df parallel, respec- 
tively, to cf and ch. The two forces represented by ce and cf 
are equivalent to gravity, represented by cd. But c/is perpen- 
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dicular to ce, and a force cannot cause motion in a direction at 
right angles to Us own. Hence the force which cf represents 
takes no part in rolling the ball down the plane; it is com- 
pletely balanced by the reaction of the plane. But the force 
represented by ce is entirely free from the plane, and has noth- 
ing to do except to pull the ball along. By measuring cd and 
ce, we can find what fractional part of gravity does that work. 

Example. — If m is amass of 6 pounds, cd represents the weight of 
6 pounds. If ce is found to be one half the length of cd, then it represents 
the weight of 3 pounds, and would show that only half of the actual 
gravity on the ball is useful in urging the ball down the plane. 

64. Parallel Forces. — a. Two forces may be in parallel 
directions, as when a carriage is drawn by a span of horses. 
Such parallel forces must have different points of application. 
Parallel forces may urge a body in the same, or in opposite, 
directions. We proceed to study the first of these two cases. 

b. The two men represented in Fig. 75 are supposed to have 
lifted the block of stone from the ground by lifting vertically on 

the ends of the bars. Their 
two forces combined raised 
the stone. But a single force 
applied directly to the stone, 
if strong enough, would have 
done the same thing. These 
two parallel forces are equiv- 
alent to a single force in the 
same direction. 

Experiment 35. — Object. To find the resultant of two parallel forces 
directed the same way. 

Fig. 76 represents the apparatus. Two forces are to be applied to a 
meter bar, AB, by means of spring balances,/ and f t pulling in the direc- 
tions of the arrows. A third balance, r, is fixed to a block, jfc, which is 
clamped to the table, and its hook is inserted in a loop of cord extending 
from the bar. Very flexible, strong cord should be used. A piece of 
convenient length is made double by tying its ends together, and then 
slipped upon the bar, and also over the hook. Other blocks could be 
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clamped on the front edge of the table, and cord* from the rings of /and 
/ passing through their hooks would enable one person to pull both 
balances. But the better way is for two persons to work together, each 
managing one balance. 

The bar should move over the table with the least possible friction ; let 
it slide on polished lead pencils, or other smooth rods which raise it to 
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Fitf. 70. 

the level of the hook of r, which should also be supported in a horizontal 
position. 

Keep the cords of the three balances always parallel, and the meter 
bar always perpendicular to the cords. Head the scales with care. 

Operations. Pull the balances / and /, observing the above precau- 
tions. Read their scales and the scale of r. (The two former show the 
magnitudes of the two forces, and the latter, the magnitude of their 
resultant.) Read also the distances, d and d', from C to the cords on 
the meter bar. Record these values. Obtain another set by sliding the 
loop C to another place on the bar, and repeating. 



EXPERI- 
MENTS. 


Force 


Force 


Resultant 
r. 


Distance 
d. 


Distance 
d'. 


fxd. 


/' x d'. 


1 

2 
3 
4 


675 g. 


800 g. 


1362 g. 


52.3 cm. 


37.7 cm. 


30,172 


30,160 



In one experiment the set of observations of the values found are 
recorded above. The least count of the balances was 25 g. In this 
experiment observe the following points : 

1. r=f + f nearly; 

2. / x d =/ x d 1 nearly. 
cooley's phts. — 8 
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See whether you find the same things true in every set of your own 
results. Finally, show that these results verify the statement made below 
in c. (Appendix II.) 

c The resultant of two parallel forces directed the same 
way is a force whose magnitude is the sum of their magni- 
tudes, whose direction is the same as theirs, and whose point 
of application is between theirs, so that it divides the whole 
distance into two parts which are to each other inversely as the 
magnitudes of the two forces. This statement is only a trans- 
lation of the results of Experiment 35. Equation (2) gives the 
italicized part, as explained in Appendix II. 

d. Any number of parallel forces directed the same way are 
equivalent to one force, also directed the same way, whose 
magnitude is the sum of theirs. Its point of application would 
be found by combining the forces two by two according to the 
principle just stated. (Compare § 62, g.) 

65. Parallel Forces in Opposite Directions. — a. Let a bar 
AB (Fig. 77) be pulled upward at a by a force of 6 units, 

and downward at c by 
a force of 10 units. 
If left to themselves, 
_ s these forces would lift 
A and lower B. A 
third force of 4 units 
at b, upward, would 
prevent that motion; 
in other words, it would balance the forces 6 and 10. But, 
evidently, the 4 units could balance another single force of 4 
units downward at b. So this single force, R, of 4 units down- 
ward at b y is equivalent to the two opposite forces 6 and 10 ; it 
is their resultant. 

b. Now this resultant is equal to the difference of the two 
components, and in the direction of the greater. Its point of 
application is not between those of the two components, but 
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outside them on the side of the greater. Nevertheless it is 
so situated that if each force be multiplied by the distance 
between its point of application and that of the resultant, the 
two products are equal (Experiment 35 and § 64, c). 

The resultant of any two parallel and opposite forces on any 
body is to be described in the same way. 

c. There is, however, one peculiar case. It is that of two 
parallel and opposite forces which are equal. 

Let two forces, 6 poundals and 6 poundals, at a and c (Fig. 
78), pull the bar equally in opposite directions. Their result- 
ant, equal to their difference, is nothing. 
No point could be found, short of infinity, 
on either side of a or c such that the prod- 
ucts of F and F 1 , by their distances from 
it, should be equal. In other words, these 
forces have no resultant. 

In fact, two parallel, equal, and opposite 
forces on a body are not equivalent to any 
single force whatever. They must turn the 
body around a point o, between them, unless 
they are balanced, and they cannot be bal- 
anced except by another pair, just equal to them, in the oppo- 
site direction on the same points a and c. Two equal parallel 
forces on a body in opposite directions are called a couple. 



6«- 
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Fig. 79. 



66. Center of Gravity.— a. It is quite easy to balance a 
body on a lead pencil lying on the table (Fig. 79). Do this, 
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and study the conditions of the case. Notice the facts as fol- 
lows: When the body is balanced there must be just as much 
of its weight to the left of the pencil as to the right of it. 
A point exactly over the axis of the pencil and half way 
through the thickness of the body, and half way through its 
width also, must be the center of the weight of the body. 

Likewise, there is a point somewhere in every body which is 
the center of weight ; it is usually called the center of gravity. 
The same point is also the center of mass (§ 4, a). 

b. Now the earth pulls every molecule (§ 31, e)of a body 
downward just as if it were not bound to its neighbors by 
cohesion (§ 47, a). In fact there are as many downward forces 

on a body as there are mole-* 

f cules in it. Let us imagine 

A just a few of these downward 

i _J forces on a bar to be repre- 

^ 1 1 1 1 I I I I 1 1 1 1 I f* «*ted in Fig. .80. 
I I | Y i * I v U I The gravity of a body is a 

multitude of equal parallel 
forces in the same direction. 
But all these forces are equiv- 
alent to a resultant (§ 64, d). In the case of the bar this result- 
ant is equal to the sum of all the parallel forces, one to each 
molecule, and its point of application is the central molecule 
of the mass of the bar. 

The point of application of the resultant of the gravity of 
all the molecules of a body is the center of gravity. 

c. We may therefore, if we choose, consider the whole mass, 
or the whole weight, of a body as concentrated at its center of 
gravity. If it were actually so the body would behave exactly 
as it really does. 

If, for example, we support the center of gravity of a bar 
by a cord from a hook, as in Fig. 80, or by a prop underneath, 
as in Fig. 79, the whole bar is supported. If the center of 
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gravity is not supported, the whole body falls. And if the 
body falls, it falls in the direction of a straight line from its 
center of gravity toward the center of the earth. 

d. Take the case of a body, BD (Fig. 81), hung by one 
corner upon a hook, drawn to one side and released. It will 
swing to and fro, and finally come to rest with the corner D 
in a vertical line below the hook. Suppose it to be drawn 
aside, and held with its sides 
vertical. Let c be the center of 
gravity; then eg, a vertical line, 
represents the gravity on the 
whole body, and there is no force 
directly upward to balance it. 
But we may resolve it into two 
components, one of which is cb 
and the other cd (§ 63, c). Now 
cb pulls directly against the hook 
and is balanced by its reaction 
(§ 9, g). But cd is not balanced, and would produce motion. 
Hence when the body is released, c swings to the right. But 
when c is directly under B, gravity is wholly balanced by the 
reaction of the hook. Then there is no component (§ 62, d) 
cd, that is to say, there is no longer any force to pull the body 
to right or left. 

Experiment 86. — Object. To find the center of gravity of a piece of 
thin board of uniform thickness. 

BB (Fig. 82) represents the board. Several holes made with an awl 
near the edges are designated by numbers. 

S represents a support, into which has been driven a slender and head- 
less wire nail to support the board. The holes must be large enough to 
let the board swing freely on this nail. 

A bullet, b, is suspended from the nail by a thread. The loop for the 
nail must be large enough to let the bullet adjust its center exactly in a 
vertical line through the center of the nail. 

Proceed as follows : Slip the nail through a hole, and let the board 
6wing without rubbing against S. Hang the plumb line (the bullet and 
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thread) upon the nail, just far enough in front of the board to swing 

without touching it. When the board and 
plumb line have come to rest, make a dis- 
tinct mark with a slender pencil point 
exactly behind the thread near the bottom 
of the board. 

Remove the board from the nail, and 
draw a line carefully through the pencil 
mark and the center of the hole. The cen- 
ter of gravity of the board is somewhere in 
the direction of that line. Why ? 

Repeat these operations for each of the 
several holes. All the lines thus drawn 
should intersect at one point. The center 
of gravity of the board is half way through 
the thickness at that point of intersection* 




e. A vertical line through the cen- 
ter of gravity of a body is called the 



Fig. 89. 

line of direction. It is the direction in which the body falls if 
not supported. 

If the line of direction falls outside the boundaries of the 
base of the body, the body will topple over. To study this 
case, stand a rectangular piece of wood upon the table with its 
edge toward you. Its section is represented by A 1 (Fig. 83), 
its center of gravity by c. Drive a pin at c; hang from it 

a small button by a 
fine thread, to show 
the line of direction, 
ca. Gently push the 
top of the block; it 
will turn on its edge 
a, c will swing over, 
and the foot of the 
line of direction will 
approach a. But the block will return to its upright position 
unless the foot of that line passes a. The moment that occurs, 
as represented by A 2. the block falls. 
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/. Next stand the block with its broad side toward you 
(B 1), and tilt it edgewise. It will need to be tilted much 
farther in order to carry the foot of the line of direction to a. 
You must push with greater force than when the block went 
sidewise, because you have to lift the center of gravity, which 
is equivalent to the whole weight of the block, through the ver- 
tical height bd ; whereas in the other case you must lift it a 
much shorter distance. In other words, you must in this case 
do more work (§ 14, a). When the center of gravity, c, passes 
the vertical line through a, that moment it will begin to descend. 
The whole body will topple over. 

g. When the center of gravity is supported, the body is said 
to be in equilibrium. 

If a body cannot be tilted in any direction without raising 
its center of gravity, it is said to be in stable equilibrium 
(Fig. 83, A 1, B 1). 

If to tilt a body in any direction would require the center of 
gravity to descend, the body is said to be in unstable equilib- 
rium (Fig. 83, B 2). 

If a body can be tilted in all directions without raising or 
lowering its center of gravity, it is said to be in neutral 
equilibrium. This is the case when the support is applied 
at the center of gravity. 

h. It is a common observation that tall and slender objects 
are more easily overturned than those which are low and 
broad. We use the word stability to compare bodies in this 
respect. 

The stability of a body is measured by the work which 
must be done to lift its center of gravity to a point directly 
over the boundary of its base. A study of Figs. 84 and 85 
will make this point clear. To overturn either of these bodies 
requires the center of gravity, c, to describe an arc with a as 
a center ; and to bring it directly over a, it must be lifted 
through the vertical height vft. The work to be done will 
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vary directly as that height (§ 14, 6). The greater this work, 
the more stable is the body. 

Or, we may put it in another way. Since vh is greater or 
less, just in proportion to the angle cah, the work done to 
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Fig. 84. 



Fig. 85. 



overturn a body varies directly as that angle. Hence the sta- 
bility of bodies is proportional to the angles through which 
they must be tilted to overturn them. 

The broader the base and the lower the center of gravity, 
the more firmly will a body stand. Why? 

67. Studies. — 1. A passenger crosses the deck of a ship which is 45 feet 
wide, and while he is doing so the ship goes a distance of 100 feet. Con- 
struct a diagram, and find the actual distance the passenger went. 

2. Two persons are on a seesaw, 12 feet apart The weight of one is 
90 pounds, of the other, 120 pounds. Neglecting the weight of the seesaw, 
find how far from the support of the seesaw each would sit. 

3. Two men, A and B, carry a mass of 60 kg. by each holding one end 
of a bar 2.5 m. long, on which the mass is hung at a distance of 100 cm. 
from A ; how much of the mass does each support ? 

4. Suppose a beam (ab, Fig. 86) is under the influences of several 
forces (—3,-|-4, — 5, + 2, — 6 dynes 1 )? arranged along its length at 
distances 4, 6, 8, 12, 14 cm. from some fixed point of reference, c. Find 
the resultant (§ 64, «, d). 

1st. Its magnitude =-3-6-6+4+2=-8 dynes. 

2d. Its direction is — , that is to say, downward. 

3d. Its point of application is found as follows : — 3x4 + 4x6 
-6x8 + 2x12-6x14 = 88 cm. ; its distance from c = 88 -?- 8 
= 11 cm. 

I The signs + and — are usee} to show opposite directions. 
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Measure 11 cm. from c, and we find r, the point of application of the 
resultant of all the forces. 



X 



T 



Fig. 80. 



6. How would you find the center of gravity of a cardboard triangle ? 
Where is the center of gravity of a plain gold finger ring ? 

b\ AB (Fig. 87) represents a rod to which another, BC y is fastened by 
cords, one end directly to B, the other end, C, to D. It will be found that 
this combination will fall from any point of support, such as the edge of 
a table top. But if you will hang a heavy mass, m, at C, the combina- 
tion of rods will not fall. What is the explanation ? 




Fl§;. 87. 

7. In addition to the fact that it is more graceful in appearance, is 
there any reason why a monument like that at Bunker Hill or Washing- 
ton should taper toward the top ? 

8. In walking, when one foot is lifted, the body is at the same time 
thrown forward. Why is this necessary ? Why are the arms thrown for- 
ward when there is danger of falling backward ? 



MOTION IN A CIRCLE — THE PENDULUM. 

68. Motion in a Circle. — a. If you will fix a ball or a stone to 
the end of a string, and whirl it in a vertical circle, you will feel 
it pulling away from the hand, all the way around. Try it ; 
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and ask yourself why it should pull upward, instead of falling, 
when above the hand. Swing it again, but with greater ve- 
locity ; you will find that it pulls with greater strength than 
before. Swing a heavier ball with the same length of string, 
and the same velocity as nearly as possible ; you will find that 
it, likewise, pulls with greater strength. If let go, in what 
direction will it fly ? Try it 

In what direction does it pull ? Why should the strength of 
its pull increase with its velocity and its mass ? The object 
of the following study is to answer these questions. 

b. In Fig. 88, b represents the ball, Hb the string. It is 
the action of the hand, through the string, that starts the ball, 

and a repetition of that action, now 
and then, will keep it going. 

But at the moment the ball has 
reached b it is going in the direc- 
tion be, and, left to itself, it would 
go on in that straight line (§ 4, c). 
It is pulled out of that line by the 
string. The ball is subject to these 
two forces, — the impulse from the 

hand, in a straight line which is tangent to the circumference ; 

and the pull of the string, which is always toward the center. 

c. So, likewise, two forces are involved in every motion in 
the circumference of a circle. That which starts the body is 
called the tangential force. That which pulls the body out of 
a straight line is called the centripetal force. 

d. Now see how the motion in the circular path is the 
resultant of the tangential and centripetal forces. Thus : 

When the ball, swinging around the circle, is at A (Fig. 89), 
the tangential force is toward B and the centripetal force is 
toward C. The joint action of the two must drive the ball 
diagonally between their directions (§ 62, d). Take Ad for the 
distance it actually goes in a very small fraction of a second, 
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so small that the arc will be practically a straight line. Drop 
the perpendiculars dh and de. Then one adjacent side, Ah, of 
the parallelogram represents the tangential force, and the 
other, Ae, the centripetal force. , Such a pair of components 
on the ball at every moment drive it along its circular pathway. 



B 



Fig. 89. 

e. But this centripetal force was only one part of the stress 
(§ 22, a) in the string in the experiment (a) ; the other part 
was the reaction of the ball. The ball pulled against the hand 
as much as the hand pulled against the ball. This reaction is 
the pull which you felt. 

The reaction of the revolving body is called the centrifugal 
force. Of course it and the centripetal force are equal (§ 9, d). 

/. The effect of centrifugal force may be illustrated easily. 
Try it as follows : To the handle of a small pail, partly filled 
with water, tie a strong cord. Grasp the cord, and swing the 
pail fearlessly in a vertical circle. The centrifugal force will 
balance the gravity of the water so that not a drop will fall, 
even when the pail is bottom side up overhead. 

g. Centrifugal force is illustrated in many common affairs. 
Carriages, in rapid motion around a corner of the street, are in 
danger of being overturned by this force. Water and earth 
fly off the rim of a carriage wheel when it is turning rapidly. 
The circus horse and rider both lean toward the center of 
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"the ring" bo that gravity may balance this force. Grind- 
stones sometimes burst when turned swiftly ; the centrifugal 
stress of their outer parts becomes so great that the cohesion 
(§ 47, a) of the stone cannot balance it. Massive fly wheels are 
sometimes torn to fragments by the same stress. 

h. The centrifugal force by which such effects are caused 
may be computed if we know the mass of the body, its velocity, 
and the radius of the circle in which it revolves. 

For if we use initial letters, we may write : * 

My* 



C = - 



r 



Examples. — 1. If a ball whose mass is 1.5 pounds is whirled in a circle 
by means of a cord 2 feet long, at a rate of 20 feet per second, how 
much will it pull against the hand ? By substituting given values, 

C = 15 x 2(y> = 300 poundals. 

Or, since 32.16 poundals is the "weight of a pound/' we have 

-Pf- = the weight of 9.2 pounds. 
32.16 

If the cord is not strong enough to sustain the weight of 9.2 pounds, 
it will be broken. 

2. A wheel is turning swiftly on its axis. What is the centrifugal 
force of 5 pounds of the rim, if its radius is 3 feet and it makes 90 revo- 
lutions a minute ? 

In this case the mass and the radius are given, but the velocity must 
be computed. It is the distance around the circumference 90 times, 
divided by 60, or 2r x 3 x 90 -*- 60. 

i. By translating the expression C = , we obtain the fol- 
lowing laws of centrifugal force : 

1. The centrifugal force varies directly as the mass of the 
revolving body, if the velocity and the radius of the circle remain 
the same. 

2. The centrifugal force varies directly as the square of the 

1 The proof of this formula for one unit of mass, M, may be found in 
Carhart's University Physics, p. 30. 
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velocity of the revolving body, if the mass and the radius of the 
circle are unchanged. 

3. The centrifugal force varies inversely as the radius of the 
circle in which the body revolves, if the mass and Us velocity are 
unchanged. 

j. As the earth rotates on its axis, every body on its surface 
is carried completely around once in every 24 hours. The 
diameter of the circles they traverse vary with the latitude. 
At the poles it is zero ; at the equator it is about 8000 miles. 
On this account bodies everywhere, except at the poles, are 
urged by centrifugal stress to fly from the earth's surface. 

This centrifugal force partly balances the attraction of the 
earth (§ 52, b). On this account the weight of a body is less 
than it would otherwise be. 

69. The Pendulum. — a. Any body if suspended from a 
fixed support so that it can swing freely, is a pendulum. The 
most usual form of the pendulum is a massive ball, or "bob," 
hung by a slender rod or cord from a firm support. An ideal 

form consists of one ma- , 

terial particle suspended 
by a weightless thread; /' 

this is called the simple / 

pendulum. Of course, / 

practically, there is no / 

such pendulum. The near- / 

est approach to one is a *1 
small lead ball suspended ^-»^__ 

by a very slender thread. T> 

The explanation of the n*. 90. 

motion of a pendulum is much simplified by supposing it to 
be a simple pendulum, as it would be if all its mass were con- 
centrated at one particular point (§ 66, c). 

b. Let P (Fig. 90) represent an approximately simple pen- 
dulum bob suspended from a. If pulled aside to c and released, 
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it will swing to and fro in the arc cb, but its path will gradu- 
ally shorten until, at length, it stops at P. 

The swing of the pendulum through the length of its arc 
once, is called a single or simple vibration. The swing of the 
pendulum through the length of its arc and back again, is 
called a complete vibration. A vibration of either kind may 
be measured from any point in the arc. Thus from c to b to c, 
or from P to b to c to P, is one complete vibration. The 
number of degrees in one half its arc, as cP or Pb, is called 
the amplitude. 

The time required to make one complete vibration is called 
the period. The period is fully denned in this way : The time 
between two successive passages of the pendulum, through any 
given point, in the same direction. 

Experiment 37. — Object. To discover the conditions on which the 
period of a pendulum depends. 

Apparatus. Three lead balls for bobs, two of them with equal diame- 
ters, about 2 cm., and one of them larger than these. A wooden ball of 

the same size as the smaller lead balls. 
A support from which to suspend the balls. 
Fig. 91 represents a simple and satisfactory 
pendulum support, firmly clamped upon 
the edge of a table. Good corks fit the 
holes in the projecting arm. The slender 
thread of the pendulum is to be passed 
up through the hole in X, and then drawn 
well into a deep cut made lengthwise of the 
cork with a sharp knife. The cork is then 
pressed into the hole. By this means the 
pendulum will be firmly fixed, and yet its 
length can be readily changed, simply by 
* "*" *"" pulling the thread through the cork. 

Operations. 1. To learn whether the period depends on the length of 
the pendulum. 

Hang two pendulums, A and B, just alike in all respects except in 
length. Pull them aside an equal distance, and release them both at the 
same moment. You can judge by the eye whether they make a complete 
vibration in equal times. If they do not, you can infer that the period 
of a pendulum does depend on its length. 
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2. To learn whether the period depends on the mass of the pendulum. 
Hang the larger lead ball beside one of the smaller ones. Make the two 

pendulums swing, varying the length of one until they swing in equal 
times. Now find their lengths by measuring from the bottom of the cork 
to the middle of each ball. Are the pendulums alike in all respects but 
mass ? Does the period of a pendulum depend on its mass ? 

3. To learn whether the period depends on the material of the pendulum. 
Hang the wooden ball beside the lead ball of the same diameter, and 

proceed in all respects as in the last experiment. 

4. To learn whether the period depends on the amplitude. 

Make the two pendulums swing in the same time. Pull them aside 
unequally ; release them at the same moment, and judge whether the 
length of the arc makes any difference in the length of the period. 

Finally write a statement as to the conditions on which the period of a 
pendulum depends, according to your experiments. 

Experiment 38. — Object. To discover the law that connects the period 
of a pendulum with its length. 

1. The length of the pendulum must be measured as accurately as 
possible. Measure the diameter of the ball by the method in Experi- 
ment 2. Suspend the pendulum, and measure the thread from the bottom 
of the cork to the top of the ball. Then add the radius of the ball to 
the length of the thread. About 100 cm., or about 36 inches, is a good 
length to choose for the longer pendulum. 

2. The time of one complete vibration (6) must be found as accurately 
as possible. To find it, draw a heavy straight line on a sheet of paper, 
and fix the paper to the pendulum support with the line vertical, and 
exactly behind the pendulum bob when it is at rest. Set the pendulum 
vibrating in a small arc. With a watch in hand and the eye in front of 
the resting place of the pendulum, count the passages of the bob across 
the vertical line in the same direction, made in 60 or more seconds. 
Divide the number of vibrations by the number of seconds for the time 
of one vibration, or the period. Evidently the longer the time chosen 
for the count, the smaller will be the error in the period. Why ? 

Repeat with another pendulum much longer, and with a third much 
shorter, than the first. Record each value as follows : 

Let I stand for the length of the pendulum, n for the number of com- 
plete vibrations in seconds, and t for the time of one. 



1 


n 


t 


P 
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After the values of I and n have all been obtained, compute the value 
of t for each set. You should find that the longer pendulum has the 
longer period, but that the length and period do not change in the same 
proportion. But if you will square the values of t, and then divide the 
lengths, l 9 each by the corresponding I*, you should find that the quotients 
are equal, or nearly so. Now - could not be a constant value unless the 

numerator and denominator, I and f 3 , change together in the same pro- 
portion. Hence the square of the period varies as the length. 

c. The following law connects the periods of vibration with 
the lengths of pendulums : 

The squares of Hie periods of two pendulums of different, 
lengths, at the same place, vary directly as the lengths. 

This law is proved by Experiment 38. That experiment 
shows by the values in the last column of the tabulated 
results that any two length's, when divided by the squares of 
the corresponding periods, yield equal quotients. Thus : 

If T stands for the period of one pendulum whose length 
is L, and t for that of another whose length is I, we have : 

T* (*' 

But when two fractions are equal, as in this case, their 
numerators are directly proportional to their denominators, 
as explained in Appendix II. Hence we have either 

LA.'. T*:t*ov T 2 :t*::L:l. 

If one pendulum is four times the length of another, 

2 T, :< 2 ::4:1; whence T:t::2:l. 

Therefore its period is twice that of the other. Again, if the 
lengths, L and f, of two pendulums are as 1 to 9, then their 
periods, T and t, are as 1 to 3. 

Sxample. — - A pendulum to make one single vibration per second is 
very nearly 39.1 inches long; what must be the length of one to vibrate 
half seconds ? Write l 2 : Q) 2 : : 39.1 : Z, and find the value of I. 

Ans. 9.8 nearly » 
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Fig. 94. 



d. To explain the motion of the pendulum, make a diagram 
(Fig. 92) showing a simple pendulum, cp, just ready to begin 
its swing; while a few 
points through which it 
will pass are shown by 
the letters and numbers 
on the arc. Draw ver- 
tical lines downward to 
represent gravity, lie- 
solve (§ 63, d) gravity 
at p into the two compo- 
nents, jhz and pb. The 
pull pa is balanced by 
the opposite pull of the 
thread pc, but pb is un- 
balanced and urges p 
toward o. Resolve grav- 
ity at 1, o, 2, p\ in the 
same way ; it will be seen that the force pb is less at 1, is zero at 
o, pulls back toward o at 2 and at p'. It will also be seen that 
the pull atj>' is equal to pb, if the arc op' is equal to arc op. 

The motion, therefore, is accelerated (§ 12, b). Its accelera- 
tion is positive to o ; it is negative from o to p' (§ 55, c). What 
p gains in the first half of the swing is wholly lost in the sec- 
ond half. The pendulum stops at p\ and then returns to p by 
the same forces in the opposite direction. So it appears that 
the vibration of a pendulum is produced and kept up by grav- 
ity and the reaction of the support. 

c. Newton obtained an equation which expresses the rela- 
tions of the time of one complete vibration of the pendulum to 
all the values on which it depends. If the amplitude is very 
small, the equation is written : 

9 
cooley's phys. — 9 
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This f orinula shows that the time of one complete vibration 
of a pendulum of given length, varies inversely as the square root 
of gravity. 

f Since n is a constant value, 3.1416, Newton's equation 
shows that if we can find the values of T and I, we can com- 
pute the value of g, or the acceleration of a falling body. 

Experiment 88. — Object. To find the value of g by means of a pen- 
dulum. 

Proceed as directed in Experiment 38 to find the length and the period 
of a given pendulum. Measure the length in centimeters ; 1 m. is a good 
length to use. Count a large number of complete vibrations in order to 
find a more accurate value of the period. Repeat the measurements and 
obtain the average length and period. Let n stand for the number of 
vibrations made in N seconds, and t for the period. Let I stand for the 
length of the pendulum. Record the values found, thus: 



Trials. 


Observations. 


Computations. 


n 


K 


/ 


t 


Average t 


Average I 





1 

2 
etc. 
























Finally, substitute your average values of t and I in Newton's equation, 
and compute g. 

g. We have so far supposed the pendulum to be simple (a). 
Practically all pendulums are compound, and the explanation 
(c) of their motion is more complex. 

Gravity pulls every particle of the pendulum (§ 66, b). So 
each particle would be an independent pendulum if all were 
not bound together by cohesion (§ 47, a). Those near the 
lower end are longer and would vibrate more slowly; those 
near the upper end are shorter and would vibrate more swiftly. 
There must be a particle at some place between, where these 
two actions are balanced, and the time of a vibration of the 
nri»s*l e pendulum is the time of vibration of that particle. 
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The location of that particle whose period is not changed by 
the action of other particles is called the center of oscillation. 
Can the location of this point be found ? Try it as follows : 

Obtain a bar of wood of uniform size, 1 m. long, about 5 cm. wide, and 
1 cm. thick. Cut a groove across the middle of one end. Make a small 
wire staple, with sharp points, and drive it in astride the groove until 
the inside of the bend is flush with the end of the bar. Hang the bar 
by the staple upon a piece of stiff knitting needle inserted in a support. 
The bar is a pendulum with its point of suspension at the end. Fix a 
small ball on the end of a long thread ; pass the thread over the wire in 
front of the bar and fasten the other end to a block upon the table. By 
winding the thread on the block, or simply sliding the block, the length 
of this simple pendulum may be changed. Make its length equal to that 
of the bar, and start them both at the same time ; the bar swings faster 
than the ball. Lift the ball to the middle of the bar and vibrate them 
again ; the ball swings faster than the bar. Find by trial at what height 
the ball must be placed so that the two have the same period. The ball 
is then the bar's equivalent simple pendulum ; and a point in the bar, on 
a level with the middle of the ball is, approximately, the center of oscilla- 
tion of the bar. Its distance from the suspension should be two thirds 
the length of the bar. 

The centers of suspension and oscillation are reversible. Drill a hole 
through the bar at two thirds of its length from the staple end. Hang 
the bar by passing the wire through this hole and you should find that 
the bar vibrates with the same period as before. 

The center of oscillation is in all cases below the center of 
gravity (§ 66, b); but in pendulums with small bobs and 
slender suspensions its distance below the center of gravity of 
the bob is very small. All the values we have met in describ- 
ing the pendulum, — the length, the period, the laws, and the 
formula, — refer to this equivalent simple pendulum. 

h. We have found (Experiment 37) that the time of one 
vibration does not depend on the amplitude. This fact is 
expressed in the law of equal times, or laiv of isochronism : 

The period of a pendulum is practically constant for aU ampli- 
tttdes less than about 20°. 

i. The pendulum is used to measure time. So long as the 
length of a pendulum is not changed, its vibrations will follow 
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one another in equal intervals of time. The common clock is 
simply an instrument by which the motion of a pendulum is 
kept up by a weight or spring, and the time occupied by any 
number of its vibrations shown by the position of "hands" 
on a graduated dial. 

By looking at the " works" of a clock, one can see how the 
pendulum compels the wheels and the hands to move uni- 
formly; it does this by letting only one tooth of a wheel 
escape with each vibration. 

A pendulum that makes one complete vibration in 2 seconds, 
or one single vibration in 1 second, is called a seconds pendu- 
lum. Its length in the latitude of New York is about 39.1 
inches. 

But the same pendulum will not have exactly the same 
length in summer and winter, because the length of a body is 
increased by heat and diminished by cold. Hence a clock 
will lose or gain time as the temperature changes, unless the 
length of the pendulum can be adjusted. Commonly, the bob 
can be raised or lowered by a screw. In astronomical clocks 
the pendulum is made of two metals, so fixed that the heat 
lengthens them in opposite directions equally, and thus leaves 
the length of the pendulum unchanged. 

70. Studies. — 1. If a carriage and its load — a mass of 500 pounds 
— goes at the rate of 5 miles per hour, and turns a corner of the street on 
the arc of a circle of 15 feet radius, how many poundals of force urge it 
to upset ? This would be equal to the weight of how many pounds where 
the acceleration is 32. 1 feet per second ? By what is this centrifugal 
stress balanced if the carriage is not overturned? 

2. Why must a skater who goes swiftly around a circle lean continu- 
ally toward the center ? 

3. A pendulum is wanted for a mantel clock in New York, which 
will vibrate once in a half second ; how long shall it be made ? 

4. A pendulum clock is found to be losing time ; what change would 
you make in order to correct it ? Explain. 

5. A pendulum clock, keeping correct time in Chicago, is carried to 
New Orleans. Would it need to be u regulated " ? Why ? How ? 
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71. The Transmission of Pressure. — a. In such fluids as 
water and air the molecules act like almost perfectly smooth 
bodies. They slide or roll over and around one another, not 
with perfect, but with almost perfect, freedom. The free- 
dom of motion among the molecules of a substance is called 
mobility. 

6. On account of their mobility fluids yield to the slightest 
stress, unless they are held firmly by supporting walls on all 
sides, and in that case they transfer to the walls the stress to 
which they cannot yield. It is possible to pile up balls with 







L 




Fig. 93. 



rough surfaces, as shown by Fig. 93, I, because the friction of 
their surfaces keeps them from sliding under the pressure of 
those above. The weight of 1 is directed downward between 
2 and 3, but 2 and 3 are too rough to slide from under it. 
Smooth glass balls could not be built up in that way. 2 and 3 
would be pushed sideways by the weight of 1, and the same 
action would occur on those below. The balls would roll down 
against the walls of the box and press against them as in 
Fig. 93, II. 
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c. Now suppose a tight vessel with a small opening on the 
top to be completely tilled with water, and that we can see 

the molecules. Suppose a pressure 
equal to the weight of 10 g. to be put 
upon the molecule at P. If there is 
no viscosity, the only resistance to the 
motion of the molecules is exerted by 
the walls of the vessel. The pressure 
fi*. 94. £ j. ne io g on p wou id i^ downward 

between the molecules below, and cause them to press side- 
ways between others, and these in other directions between 
others, and thus the action is equally transmitted in every 
direction until it is balanced by the walls of the vessel at 
every point on the bottom, sides, and top. 

d. The fact that fluids do thus transmit pressure was first 
observed by Pascal about two hundred years ago, and it is 
known as Pascal's law. It may be stated as follows : 

When a fluid is confined in a vessel, and a certain amount of 
pressure is exerted on a given area, the same amount is trans- 
mitted in all directions, 
to every equal area, 
everywhere in the fluid, 
and on the walls of the 
vessel. 

An illustration of 

the law is found in the 

inflation of a football. 

The pressure which 

pushes the air in 

pushes the rubber walls 

outward at every point. 

Fl * 95 - e. The hydrostatic 

press is a machine (§ 24, a) by which Pascal's law is applied to 

produce great pressures. It is shown in Fig. 95. It consists 
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of two cylinders, A and B, one larger than the other, connected 
at the bottom by a tube, K. They are provided with solid 
pistons, P and p. When p is lifted, water is pumped into the 
small cylinder ; when p is pushed down, that water is driven 
into the large cylinder, and a valve prevents its return. The 
pressure of p is transmitted by the water to P, which is 
pushed up. 

According to Pascal's law, the upward pressure against P 
must be as many times greater than the downward pressure 
by p, as the area of the under surface of P is greater than that 
of p. If the area of P is 50 square inches and that of p is .5 
square inches, the weight of 1 pound on p would balance the 
weight of 100 pounds on P. That is to say, the mechanical 
advantage (§ 25, d) is found by dividing the area of the larger 
piston by that of the smaller. 

Examples. — A man puts a pressure equal to the weight of 75 pounds 
on p. If the areas of p and P are .8 square inches and 100 square inches 
respectively, how much pressure will P exert ? 

If the man's pressure is applied at M on the lever of the press (Fig. 95), 
and if PM is 4 feet and PN is 1 foot, what pressure do the goods at W 
sustain ? Ans. The weight of 37,500 pounds. 

/. The universal law of machines (§ 24, e) holds good in the 
hydrostatic press. For if P is raised, it is lifted by the water 
driven out of A into B. If the area of P is, say, 20 times 
that of p 9 then that water can raise P only ^ as high as p 
descends. So that 

Power x power distance = weight x weight distance (§ 24, e,/). 

72. Pressure within a Fluid. — Fluids are subject to the 
law of gravitation (§ 51, d), and the earth-pull on any portion 
of a fluid causes a downward pressure on that which lies 
below. The downward pressure at any point will be greater 
or less just in proportion to the depth of the point below the 
surface. It must be carefully borne in mind that the amount 
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of pressure at any point is wholly unaffected by the depth of 
the water below that point 

But if there is downward pressure at any place in a fluid 
at resly there should be equal pressures in other directions 
to balance it (§ 71, 6). Do such pressures upward and side- 
ways really exist in a vessel of water or in air ? 

Experiment 40. — Object. To test for the pressures in various direc- 
tions in a vessel of water. 

In Fig. 06, Hpg represents a Hall's pressure gauge with which to explore 
the interior of the water contained in a large vessel. It consists of a 

thistle tube funnel, g, with its mouth 
covered with very thin sheet rubber, 
tied so tightly as to make a water- 
tight joint ; a glass tube, J7, and a 
rubber tube to connect the two. H 
should be wetted inside ; have a little 
column of colored water at t ; its end 
then put into p, and, finally, sup- 
ported in horizontal position by a 
clamp. 

The index i will show whether 
pressure is exerted against the face 
of g. Try it by gently pressing the 
rubber with the finger. Narrow 
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strips of gummed paper equally distant along H, or a meter bar bound 
alongside of H, will help to measure the motion of i, and thus to judge 
of the amount of pressure. 

The gauge, g, may be fastened to the end of a meter bar, m, by a 
rubber band, and then sunk in the water with its face up. Note the dis- 
tance of the face below the surface, Z, and also the distance through which 
i moves. This distance represents the downward pressure at that level. 

To test for upward pressure, strap g to m with its face down, and sink 
it to the same level as before. Test also for pressures sidewise and slant- 
ing, by strapping g to m horizontally or obliquely and sinking it to the 
same level. Test for pressures at other levels by sinking g to greater 
or less distances. 

Examine the records of your work, and state : 

1. The facts observed in regard to the directions of water pressure at 
a given distance below the free surface. 

2. The inferences in regard to the relative amount of pressure in dif- 
ferent directions and at different depths. 
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Experiment 41. — Object. To test for the pressures in various direc- 
tions in air. 

Use the same pressure gauge as in the preceding experiment. Holding 
it in the air, there is no indication of pressure. Try it. But remember 
that the air is on both sides of the rubber, and if there be any pressure on 
one side it may be balanced by the pressure on the other. To detect 
pressure we must take air away from one side, so as to leave that on the 
other side free to push the rubber if it can. Remove the index i ; put 
the lips to the end of H, and gently suck the air out, watching the rubber 
for indications of pressure. Test for pressure in various directions by 
turning the face of g upward, sideways, and slanting. 

State the facts revealed by your tests. Can you infer anything in 
regard to the relative amounts of pressure in various directions ? 

Experiment 42. — Object. To find the relation between the pressure 
on a given area and the depth of that area below the surface of the fluid. 

Apparatus. A tall glass jar or cylinder, A (Fig. 97), 30 to 40 cm. 
deep, to be filled with water. A bent glass tube, t, with one arm about 
8 cm., and the other about 40 cm., long. A 
meter bar, m. Mercury. 

Manipulation and Notes. Fix t against the 
side of m by rubber bands. Put mercury in t 
to fill both branches to equal heights about 
5 cm. above the bend. Any pressure upon the 
mercury at a will push the mercury up at 6, 
and the difference in the levels of a and b will 
be proportional to that pressure. 

Insert this pressure gauge into the water 
in A with its bend at the bottom of the jar. 
Note the depth of the mercury surface in the 
short branch below the surface of the water 
in A , and also the height of b above a. Read 
the scale to the nearest . 1 cm. 

Raise the pressure gauge, and note again 
the depth of a, and the distance between the levels of a and 6. Repeat 
the observations at another still higher level. 

Inference. Take two of the depths and their corresponding pressures, 
and see if you can write the four values so as to form a true proportion. 
See whether each pair of depths are proportional to the corresponding 
pressures. Then state the relation thus revealed. (Appendix II.) 
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73. Pressure on the Bottom of a Vessel. — a. If the base of 
a vessel is horizontal, and its walls vertical, as shown in sec- 
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tion by Fig. 98, the weight of the fluid which it contains 
must be supported by the base. The walls will support the 
side pressures, but none of the downward pressure, any more 
than if the fluid were a solid, with perfectly 
smooth sides, slipped into the vessel. The 
pressure on the base, ab, is the weight of the 
fluid, abh. 

The pressure on the horizontal base of a vessel 
with vertical walls is just the weight of the fluid 
which the vessel contains, 
b. Suppose the vessel to be a cylinder con- 
taining water. Suppose the diameter of the base, aZ), to be 
2.5 cm., and the depth of the water, hb, to be 8 cm., and that 
we desire to know the pressure which the base sustains. 
We can easily find the volume of the water in abh. 

Volume == area of the base x the height; 

area of base = \ v x square of the diameter ; 
.-. volume = \ x 3.1416 x 2.5* x 8 = 39.27 cc. 

But the mass of 1 cc. of water, at 4° C, is approximately 
1 g. ; so the total mass of water in our vessel is approximately 
1 g. X 39.27, or 39.27 g., and the pressure on the bottom is the 
weight of this mass (§ 52, e). 

Notice that the numerical work in this example may be 
expressed briefly as follows: Mass of 1 cc. of water x area 
of the base x heigld of the water. 

c. The work would be the same for any other fluid, using 
the mass of 1 cc. of that fluid as we have used the mass of 
1 cc. of water. But the mass of 1 cc. is the density of any 
substance (§ 6, b) ; so that in general : 

The pressure on the base = density x area of base x height 
pf fluid ; or, if we use letters for words : 

P=;cl xaxh, 
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d. We must not forget that the value of P, when thus 
found, is really mass, and not pressure. The pressure is the 
weight of this mass. Hence the unit of pressure is the gravi- 
tational unit. It is either "the weight of a gram/' or "the 
weight of a pound " (§ 52, e). For the pressure in absolute 
units, either dynes or poundals, we should have : 

P=d xaxh xg. 

Example. — A flat-bottom bottle, with straight, vertical walls, contains 
mercury 10 cm. deep. The bottle is 5 cm. in diameter, and the density 
of mercury is 13.6 g. per cc. : 

1. What mass of mercury exerts pressure on the base of the bottle ? 

2. What is the pressure on the base in gravitational units ? 

3. What is the pressure on the base in dynes in the latitude of New 
York? 

4. What is the pressure on the base in poundals in the latitude of New 
York? 

74. Pressure on Any Surface. — a. The pressure of a fluid 
on any plane surface whatever in the fluid, as well as on the 
base of the vessel, may be found in the same way, 
by the use of the same formula. 

Take the case of a horizontal sheet of metal 
(win, Fig. 99) upheld in water. The downward 
pressure of the water upon it is just the weight 
of that which is vertically over it, 
or the weight of the column whose 
Fl * "' base is mn and whose height is mh. 
It is d x a x k as before. 

6. Take the case of a surface which is not 
horizontal within a fluid (ab, Fig. 100). Again, 
it is only the fluid vertically over the surface 
that exerts the downward pressure upon it. The F *' °°* 
depth of the fluid is not the same all over ab, and of course 
the pressure varies ; but, as a whole, it is just the same as it 
would be if all points received the same pressure as the middle 
point, c. The increase on account of the greater depth of the 
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lower half, ca, is just balanced by the decrease on account of 
the lesser depth of the upper half, cb. So the height of the 
column of fluid that presses on ab is ch 9 and the pressure is 
the weight of the column whose base is the area of ab, and 
height ch ; it is d x a x h as before. Remember that h always 
stands for the height of the fluid above the middle point of the 
surface which receives the pressure. 

c. The pressure on the bottom of a vessel is d x a x h, no 
matter what the shape of the vessel may be. Of course ves- 
sels represented by C, B, A (Fig. 101), will hold very different 
quantities of water if filled to the same height. But if they 
are of equal size at their bottoms, the downward pressures on 
their bottoms will be equal. This fact is proved by the follow- 
ing experiment: 

Fig. 101 represents the essential parts of Haldat's apparatus. It con- 
sists of three or more vessels of different shapes, A, B, C, with equal 

bases, and a tube, Z\ bent twice 
at right angles, containing mer- 
cury. At one end of T there is a 
reservoir, r, and mercury fills the 
tube and reservoir to the height 
shown by the dotted line. 

The vessels are open at the bot- 
tom, but each can be screwed upon 
the top of r, and then the surface 
of the mercury there becomes its 
base. 

Pressure on the mercury in r 
will push the mercury up the tube 
at a, and the rise at a will be proportional to the pressure. 

A y B, and C, one after another, are screwed to r and filled with water 
to the same height. The mercury at a is lifted just as far by the pressure 
in one vessel as in another. This shows that the downward pressure of a 
fluid on the bottom of a vessel is independent of the shape of the vessel. 

d. Provided the area at the base be the same, it makes no 
difference how small a diameter the tube above it may have; 
the pressure on that base will depend solely on the height of 
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the column above it. From this fact arose the interesting 
" hydrostatic paradox : " Any quantity of liquid however small 
may exert any pressure however great. 

e. The only things that affect the pressure, P, of a fluid at 
rest, on any surface which it touches, are : 

1. The area of the surface pressed upon a. 

2. The depth of the middle point of this surface . . . h. 

3. The density of the fluid d. 

4. The local force of gravity g. 

And in every case it is true that 

P = d x a x h gravitational units ; 
P=dxaxhxg absolute units. 

In computing the value of P remember that density, d, is the 
mass of any unit of volume, — the cubic centimeter, the cubic 
inch, or the cubic foot, — and use whichever unit the problem 
suggests. 

Example. — Suppose the water above a mill dam to be 15 feet higher 
than the stream below; what is its pressure on a square foot whose 
middle point is at that depth ? 

In this case the cubic foot is a proper unit, and the mass of a cubic foot 
of water is about 62.4 pounds. The pressure on the square foot, being 
equal to d x a x h, is 62.4 x 1 x 16 ; it is the weight of 936 pounds. 

/. In many cases the area is not given. We speak of the 
pressure of the atmosphere, and the pressure of water in the 
sea, without specifying any area. In such cases a unit area is 
understood. 

Examples. — 1. At a place where the ocean is 1000 feet deep, what is 
the pressure of the water at the bottom ? 

If the density of the sea water is .037 pound per cubic inch, the 
pressure at a depth of 1000 feet, represented by d x a x h, is .037 x 1 x 
12000 = 444 ; it is the weight of 444 pounds on every square inch. 

2. How much would the volume of a cubic inch of water be reduced 
if taken from the surface to the depth of 1000 feet ? (§ 40, b.) 

3. Is the density of sea water greater as we go downward ? 
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g. Questions just like those in the examples above may be 
asked in regard to the pressure of the atmosphere. Air is a 
fluid, and we, with other terrestrial objects, are at the bottom 
of an ocean of it What is the pressure of the atmosphere ? 
We cannot compute it directly, as the pressure of water is 
computed, because, 

1. The height, h, of the atmosphere is unknown. 

2. The density, d, of the air is less and less from the earth 
upward. (Why ? § 40, 6.) 

But it may be found indirectly by balancing it by a liquid 
which can be measured. Torricelli taught us how to do this. 

h. Torricelli's experiment may be repeated as follows : Take 
a glass tube more than 30 inches long, fill it with mercury, and 

cover the open end firmly with the 

finger (Fig. 102, a). Then invert 

(1 . l^v the tube, place the open end in a 

^\^ \ r— g*fcj Br dish of mercury, and withdraw the 

{ ^— « '-JE ^ finger. The mercury will sink but 

■ a little way in the tube (Fig. 102, b) ; 

it will stand about 30 inches above 

the level of the merbury in the 

dish. The space in the tube above 

the mercury is a vacuum; that is, 

„. „^ it contains no air. It is known as 

Fig. 102. 

a Torricellian vacuum. 

The mercury is upheld in the tube by the downward press- 
ure of the atmosphere on the mercury in the dish. The mer- 
cury column and the atmosphere just balance each other. 

i. We can compute the pressure of the mercury which bal- 
ances the atmosphere, for we know its density, d, to be .49 
pounds per cubic inch (13.56 g. per cubic centimeter) at 0° C. f 
and can measure its height, h f which is found to be about 
30 inches (76 cm.), if the experiment is made at the level of 
the sea. Hence the pressure of the mercury represented by 
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dxaxA, ig .49 x 1 X 30 = 14.7 ; it is the weight of 14.7 
pounds per square inch (1033.3 g. per square cm.). And this 
is the atmospheric pressure which balances the column of mer- 
cury 30 inches high. 

75. The Barometer. — a. Any instrument by which changes in 
the pressure of the atmosphere can be detected and measured, 
is a barometer. 

The simplest form of barometer is the Torri- 
cellian tube and cistern (Fig. 102, 6). If the 
pressure of the atmosphere increases, the mer- 
cury is pressed up to greater height; if it 
decreases, the mercury sinks in the tube to a 
lower level. So the height of the mercury col- 
umn represents the atmospheric pressure. 

The tube and cistern are inclosed in a frame, 
for protection, and provided with a graduated 
scale to measure the height of the mercury col- 
umn. And besides these parts, certain artifices 
are employed to secure accuracy in the measure- 
ment. 

6. A " standard barometer " is represented in 
Fig. 103. The tube and cistern are encased in a 
metal frame, a portion of the mercury in the 
cistern being visible at M, and a few inches of 
the tube at the upper end. By means of the 
graduated scale and vernier at S, the height of 
the column can be read to within .002 of an 
inch. 

But it is evident that if the mercury should 
rise in the tube, it would sink in the cistern, 
and that the fixed scale, S, would not then show 
the true height of the column above the surface 
in the cistern. This error is corrected by raising Fig. *<>3. 
the surface of the mercury as much as it had fallen. The end 
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of a little ivory pointer at o shows where the surface should 
be, and in order to place it there, the bottom of the cistern is 
made of flexible materials and rests upon the upper end of the 
screw u, so that by turning the screw it may be lifted or low- 
ered at pleasure. The cistern with a flexible bottom, and an 
ivory or bone pointer to mark the true place of the mercury 
surface, is known as Fortin's cistern. T represents a ther- 
mometer. Why should there be a thermometer (/) ? 

c. Observations show that the height of the column of 
mercury in the barometer is changing almost continually at 
every place, which proves that the atmospheric pressure is as 
constantly fluctuating. The height varies between about 28 
and 31 inches. Hence the pressure varies between the weight 
of |$ of 14.7 and f £ °* 1^.7 pounds per square inch (§ 74, i). 
One can therefore compute the pressure of the atmosphere at 
any time or place from the barometric height. 

It should be carefully remembered that the barometric height 
represents the atmospheric pressure, and nothing else directly. 

d. Observations have shown that changes in the height of 
the barometer column are associated with changes in the 
weather. This fact makes the barometer a weather indicator. 
Not that any particular height of the mercury stands for any 
particular kind of weather, but the motions of the mercury 
suggest the probabilities of weather changes, because changes 
in weather accompany changes in atmospheric pressure. 

A sudden and extreme fall of the mercury is an indication 
of an approaching wind storm. A gradual fall of the mercury 
indicates the approach of foul weather. A rise of the mercury 
indicates the approach of fair weather. But foul weather does 
not necessarily mean rainy weather, because moisture in the 
air does not directly affect the atmospheric pressure. The 
barometer is not a rain prophet. 

e. The height of the barometric column depends on the 
oifitude of the place. This is evident when we remember 
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that the pressure of a fluid varies with the depth of the 
place below its surface (§ 72). The "level of the sea" is the 
standard level ; and the average height of the column at that 
level, 76 cm. (or 30 inches), is the standard barometric height. 
Above this level the mercury stands lower, and below it the 
height of the column is greater. But the pressure varies more 
rapidly than the altitude of the place (§ 74, g, 2). 

/. The height of the barometric column is not due, alto- 
gether, to the pressure of the atmosphere ; it depends a little 
on its temperature. Like most substances, mercury expands 
when warmed, and hence the height of 
the barometric column will vary with 
changes of temperature, even if the at- 
mospheric pressure is not changed. But 
a column 76 cm. high at any given 
temperature, represents a perfectly defi- 
nite pressure. The standard barometric 
height represents a pressure of 1033.3 g. 
per square centimeter (§ 74, i). A press- 
ure equal to 1033.3 g. per square centi- 
meter, or 14.7 pounds per square inch, is 
often called an atmosphere. 

76. The Common Pump. — a. In this 
instrument the atmospheric pressure is 
made to lift water from wells and cis- 
terns. It consists of a cylinder, B (Fig. 
104), which opens below into a pipe, A, 
leading to a reservoir of water. A valve, 
S, closes the hole, and opens upward. A 
close-fitting, solid cylinder, called a pis- 
ton, is lifted and lowered by a lever, H. 
There is a valve, 0, in this piston, open- 
ing upward. By lifting and lowering the piston, the water is 
lifted to the spout, G. 

cooley's phys. — 10 




Fig. 104. 
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b. When the piston is lifted, the air above it will be lifted 
out of the cylinder. The space which the air below the piston 
has to fill is enlarged, the air expands, and the pressure on the 
water below is lessened. Then the pressure of the atmosphere 
on the surface of the water outside, in the well or cistern, will 
push the water up the pipe A, through the valve S, into the 
cylinder B. When the piston is pushed down, the valve S 
will close and prevent the water from returning to the well. 
But the valve will be opened, and the piston will be forced 
down through the water. When the piston is lifted again, 
the water above it will be lifted to the spout, while the atmos- 
pheric pressure will drive another cylinderful up through S 
into B. Does a pump " draw " the water up ? 

c. But there is a limit to the height to which the atmos- 
pheric pressure can lift water. We have seen that it can sup- 
port a column of mercury (§ 74, h) about 30 inches high. Since 
mercury is, at ordinary temperatures, about 13.6 times heavier 
than an equal volume of water, the same pressure would sup- 
port a column of water 30 x 13.6, or 408, inches high (34 feet). 
So, practically, the top of the lower cylinder A must be less 
than 34 feet above the water in the well. Of course the 
water may be lifted in cylinder B to an additional height 
equal to its length. 

The total height to which water may be raised by the pump 
is limited only by the length of the pump and the amount of 
energy at command. The amount of energy required in any 
case, in foot-pounds (§ 17,/), would be found by multiplying 
the total mass of water in the pump by the distance from the 
water in the well to the spout. 

77. The Force Pump. — a. Where water is to be raised to 
considerable height, or thrown in a stream to considerable 
distance, a force pump is used. 

A model of the force pump is shown in Fig. 105. The 
piston has no valve. Near the bottom of the cylinder a side 



|78.] 



PRESSURE OF FLUIDS. 



147 




Fig. 105. 



tube leads into a closed air chamber, K. A tube, T, reaches 
from near the bottom of this chamber, through the top of it, 
air tight, and thence to the place where the water is to be 
delivered. A fire engine is a force 
pump. The hose is an extension of the 
tube T. 

b. When the piston is raised, water 
is lifted through the pipe and valve 
into the cylinder by atmospheric press- 
ure. When the solid piston is pushed 
down, the water is driven through a 
valve into the air chamber. When the 
water covers the lower end of the tube 
in K, no more air can get out of the 
chamber, and that which fills the dome 
is condensed more and more by each 
stroke of the piston. The reaction of this condensed air 
pushes the water out through the tube T. Without the air 
chamber the water would be lifted to the same height, if the 

side tube were directed upward, 
but it would issue in jets. The 
steady pressure of the condensed 
air causes the stream to be steady. 
78. The Siphon. — a. The si- 
phon is an instrument by which 
liquids may be transferred from 
one vessel to another at a lower 
level. It consists of a bent tube, 
I one branch of which is longer than 
the other. Fig. 106 represents a 
siphon in operation. 
To put the siphon in action, it is filled with the liquid, its 
ends closed, the shorter branch inserted in the liquid, and its 
ends opened. The liquid will then flow steadily until the end 




Fig. 106. 
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of the shorter branch is uncovered, or until the level of the 
water is the same in the two vessels. 

b. The flow of water is caused by the pressure of the atmos- 
phere. In the siphon at C there is an upward pressure equal 
to the downward pressure of the atmosphere at that level 
(§ 71, d). There is also an upward pressure of the air on 
the water at the other end, B. These upward pressures of the 
atmosphere, at B and C, are practically equal, and since the 
atmosphere is able to support a column of water 34 feet 
high, the water, evidently, cannot flow out of either end of 
the siphon by its own weight alone. 

But the weight of the water in the long arm is greater than 
that in the short arm, and balances more of the atmospheric 
pressure. So there is less unbalanced atmospheric pressure at 
B to push the water over toward A than there is at A to push 
it over toward B y and the water must flow 
in the direction of the greater pressure. 

79. Buoyancy. — a. It is well known 
that a cork or a piece of wood, if placed 
under water and released, will rise to 
the surface, and that such substances as 
smoke, and such bodies as balloons, will 
rise in the atmosphere. Why is gravity 
unable to hold these bodies down ? 

Fluids oppose gravity even on such 
bodies as blocks of iron and stone. You 
can detect this opposition of water as 
follows : 

Hang a piece of iron or marble upon 
a spring balance (Fig. 107), and note the 
downward pull of gravity while it is in 
the air. Lower the body into a vessel of 
water, and again note the reading of the scale. The pull of 
gravity now seems to be less than before. The water, in some 
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way, balances a part of the gravity of the body. This upward 
push against a body which is immersed in a fluid is called 
buoyancy. 

Experiment 43. — Object. To find how much of the weight of the 
solid immersed in water is supported by the liquid. 

Apparatus. A graduated cylinder. A balance and box of masses. 
A piece of metal or stone, slender enough to hang in the cylinder with- 
out touching the sides, and long enough to enable it to displace a quite 
large quantity of water. 

Manipulation. Fill the cylinder to a convenient height with water, 
and carefully note the number of cubic centimeters. 

Hang the solid from the hook of the balance by a fine thread ; counter- 
poise it by masses from the box. Note its weight. 

Lower the solid into the water in the cylinder ; see that it does not 
touch the sides, and that no air bubbles remain clinging to it. Again 
counterpoise it by masses from the box. Note its weight while in the 
water. Note the volume of the water and solid together. The record 
may be written as follows : 

Volume of water in the cylinder cc A 

Weight of the solid in the air = the weight of . g B 

Weight of the solid in the water = the weight of . g G 

Volume of both solid and water cc D 

Computations. -B — C is the weight of the solid which the water 
balances. 

Note also D — A, which is the volume of the water displaced by the 
solid when immersed. 

Experiment 44. — Object. To find the weight of the water which the 
solid used in the preceding experiment displaces when immersed. 

Place a beaker on a balance pan, and counterpoise it with sand or 
shot. Measure into a beaker the D — A cc, found in the last experi- 
ment, and counterpoise it by masses from the box. The weight of these 
masses equals the weight of the displaced water. 

b. If the work of the last two experiments has been suc- 
cessfully done, you will see that the weight which a solid ap- 
pears to lose when immersed in water, equals the weiglU of the 
water which the solid displaces. 

This fact holds true in regard to all other fluids, and may 
t» stated in a general form as follows : 
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When a body is immersed, wholly or partly, in a fluid, it is 
buoyed up by a pressure equal to Hue weight of the fluid which it 
displaces. 

This relation between the weight of a body and that of the 
volume of fluid displaced, was discovered by Archimedes 
about two hundred and fifty years before the Christian era 
began. It is known as the Principle of Archimedes. 

c. The explanation of buoyancy is as follows: Let abed 
(Fig. 108) represent a section of a body immersed in a fluid. 

The downward pressure on the top is equal 
to the weight of a column of the fluid whose 
volume is represented by abef. The upward 
pressure on the bottom is equal to the weight 
of a column of the fluid whose volume is rep- 
resented by cdef (§ 72). The buoyancy is 
the difference in these two pressures. It is 
equal to the weight of a column of the fluid 
whose volume is the difference in volume of 
these two columns. But this difference — 
rig. 108. cc j e y _ a £ e y __ a £ cc j — represents the volume 

of the body itself, and, of course, the volume of the fluid 
displaced. 

d. Three cases should be considered : 

1. The weight of fluid displaced may be less than that of 
the body which displaces it. Then buoyancy is less than 
gravity, and the body sinks. Think of iron or stone in water. 

2. The weight of the fluid displaced may be greater than 
that of the body which displaces it. Then buoyancy is greater 
than gravity, and the body rises. Think of wood in water, and 
a balloon in air. 

3. The weight of the fluid displaced may be equal to that 
of the body which displaces it. Then the body will neither 
sink nor rise, but float in the fluid. Think of a cloud in the 
atmosphere. Fill a small bottle partly full of water; close 
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its mouth while you insert it in water, mouth down. By a few 
trials you can so adjust the quantity of water in the bottle 
that it will neither sink nor rise when immersed. Put an egg 
in fresh water ; in strong salt water. Then mix the two grad- 
ually, till the egg will neither sink nor rise. 

e. We have seen that the loss of weight, when a body is 
immersed in water, is equal to the weight of the body's own 
volume of water (b). We make use of this fact when we 
wish to find out how many times heavier a certain volume of 
one substance is than the same volume of another. 

Experiment 45. — Object. To find the ratio of the weights of equal 
volumes of iron and water. 

The manipulation and the form of the record are suggested by the 
notes of one experiment, as follows : 

Weight of the iron in air = weight of 115.56 g. 

Weight of the iron in water = weight of 100.08 g. 

.'. Weight of an equal volume of water . . . . = weight of 15.48 g. 
And the ratio of the Weights of equal volumes 

of iron and water is 115.56 -4- 15.48 . . . = 7.46 

/. Whatever may be the weight of a cubic centimeter, a 
cubic inch, or any other volume of water, at any temperature, 
the weight of an equal volume of iron, at the same tempera- 
ture, is 7.46 * times as great. 

If the weight of a cubic foot of water is that of 62.4 pounds, 
then that of a cubic foot of iron is the weight of 465.5 pounds 
(62.4 x 7.46). 

80. Specific Gravity. — a. The specific gravity of a substance 
is the ratio of its weight to that of an equal volume of some 
standard substance. Thus 7.46, as found by the last experi- 
ment, is the specific gravity of iron, water being the standard. 

Water is the standard for all solids and liquids ; air, or 
hydrogen, is the standard for gases. But, inasmuch as the 
volume of the same mass is changed by any change in tem- 

1 The true value is different for different kinds of iron, ranging from 7 2 
tP 7.79, 
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perature, it is necessary to have a standard temperature as 
well as a standard substance. The standard temperature is 
4°C. 

Remember that specific gravity is a ratio; it is merely a 
numerical quantity, and is the same whatever units may be 
employed. 

The relative density (§ 6, /) and the specific gravity of a 
substance are expressed by the same number. But one refers 
to mass, while the other refers to weight. 

Experiment 46. — Object. To find the specific gravity of glass. 
Apparatus. The balance. A beaker, or other dish, for water. Fine 
silk thread by which to suspend the glass. A glass stopper without air 
bubbles or cavities within. 

Manipulation. First, weigh the glass in the air in the usual way. 
Next, suspend the glass from the hook of the balance, and weigh it in 
water. 

Precautions. See that the glass is completely immersed. See that it 
does not touch the dish. See that no air bubbles cling to it ; if there 
be any, they must be removed. The feather end of a quill may be used 
to remove them. 

Notes. A brief statement of the object and method as usual. Every 
value as soon as it is obtained. A skeleton form, like that below, pre- 
pared beforehand, is desirable, so that the numerical values can be inserted 
at once. 

Weight of the glass in air 

Weight of the glass in water 

/. Weight of an equal volume of water .... 

.'. Specific gravity of glass ; . . . 

b. The method employed in the above experiment may be 
used to obtain a close value of the specific gravity of any solid 
(not a powder) which is specifically heavier than water, and is 
insoluble in that liquid. But if the greatest possible accuracy 
is required, certain " corrections " must be made in the result. 
The true weight of a body is not found by weighing it in air, 
because the body is buoyed up by the weight of its own vol- 
ume of air (§ 79, b). The weight in air should be corrected 
by adding the weight of an equal volume of air. Again : The 
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temperature of the water is not likely to be the standard 4° C. 
If it is higher than 4° C, the water is expanded, and the vol- 
ume displaced will weigh less, and on this account the specific 
gravity of the solid will be found too large. This error can be 
made less by using ice water in the experiment. 1 

Experiment 47. — Object. To find the specific gravity of beeswax. 
Apparatus. Balance. Dish for water. Fine thread for suspension. 
Wax. A sinker heavy enough to sink the wax in water. This sinker 
may be a piece of sheet lead with a slender wire nail driven through the 
center. The head can be bent to serve as a hook for suspension. The 
point may be thrust into the wax to fasten wax and sinker together. 
The manipulation and record are suggested by the following form : 

Weight of the wax alone in air . . . . = IV 

Weight of the sinker alone in water . . . = S 

Weight of wax and sinker together in water = T 

w 

Specific gravity * = %_ g , = 

This method may be used for the specific gravity of any solid (not 
a powder) which is specifically lighter than water and insoluble in that 
liquid. 

Experiment 48. — Object. To find the specific gravity of loaf sugar. 

Since water dissolves sugar, we must use some other liquid which will 
not If we find the specific gravity of sugar compared with this liquid, 
we can get the specific gravity compared with water by multiplying it 
by the specific gravity of the liquid. Turpentine may be used ; its specific 
gravity is .87. 

Apparatus. Balance. Beaker for turpentine. Thread. Turpentine. 

Manipulation and record suggested by the following form : 

Weight of the sugar in air . . . W 

Weight of the sugar in turpentine ... to 

.'. Weight of an equal volume of turpentine . . . . . W — w 

1 Directions for making these and other corrections necessary for the 
greatest accuracy, may be found in Stewart and Gee's Practical Physics, 
Vol. I. Only advanced students should be asked to make them. 

2 The weight of the sinker in air cancels out as follows : 

Write W for weight of wax in air ; w for weight of sinker in air ; S for 
weight of sinker in water ; T for weight of both in water. Then, 
to — S = weight of water displaced by sinker ; 
TF+ 10 — T = weight of water displaced by both ; 

W+w — T — (w — S) or W+ S—T = weight of water displaced by wax ; 
/. specific gravity = W+W-\-S-T. 
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W 

.*. Sp. gr. of sugar compared with turpentine, — — = 

W — w 

W 

/. Sp. gr. of sugar compared with water, — - x .87 = 

W — to 

This method may be used for the specific gravity of any solid (not a 
powder) which is soluble in water. 

Experiment 49. — Object. To find the specific gravity of turpentine 
by means of a specific gravity bottle. 

A specific gravity bottle is a bottle made to hold a certain number of 
grams of water at a certain temperature. One holding 50 g. at 15° C. is a 
convenient size. It is provided with a ground glass stopper which fits its 
mouth with great nicety. In one kind there is a small hole through the 
stopper, and the bottle holds the specified mass of water when it is filled 
to the top of the stopper. In another kind the stopper is solid, and a 
mark on the neck shows the level to which the bottle must be filled. 
With such bottles one can readily obtain equal volumes of liquids. 

Precautions. See that the bottle is clean. Never fill it with one fluid 
while it is wet with another. Even the small quantity that clings to the 
glass after rinsing and draining the bottle will contaminate the next liquid 
put into it. After washing and draining the bottle, rinse it out with a 
small quantity of the liquid to be used. Handle the bottle just as little 
as possible, since the warmth of the hand will enlarge it. Lift it by the 
neck, not by the body. 

Manipulation. Find the weight of the clean, dry bottle. Place the 
bottle on a plate while you fill it completely with the water. Insert the 
stopper, and push it gently but firmly to its place. The excess of liquid 
will escape through the hole in the stopper, and the last tiny air bubble 
should escape with it, leaving the bottle full to the top of the stopper. 
Wipe the outside of the bottle. Find the weight of the bottle and water, 
and in the same way, of the bottle and turpentine. 
The record and computations are suggested by the following form : 

Weight of the bottle when empty . . . W 

Weight of the bottle filled with water .... . . . A 

:. Weight of the water held by the bottle at ° C. ... to 

Weight of the bottle filled with turpentine . . . . . . W 

/. Weight of the turpentine alone . . . W — W = 

q __ weight of turpentine _ W — W _ 

weight of water to 

By this method the specific gravity of any liquid may be found. For 
volatile liquids, such as alcohol and fcther, a bottle with a solid stopper is 
to be preferred, 
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Experiment 50. — Object. To find the specific gravity of a liquid 
by its buoyancy on a solid. 

We have seen (§ 79, b) that the apparent loss of weight experienced 
by a solid immersed in any liquid is the weight of an equal volume of the 
liquid. Hence we can find the weights of equal volumes of two liquids by 
finding the apparent losses of weight of the same solid when immersed in 
them. 

Apparatus. Balance. Two beakers. Glass stopper. Turpentine or 
other liquid. Fine thread. 

Manipulation. Suspend the glass stopper by fine thread from the 
hook of the balance, and counterpoise it with box-masses. Then immerse 
it in turpentine, remove air bubbles, and again counterpoise it. Wipe 
the turpentine off the stopper completely. Immerse the stopper in water, 
and counterpoise it again. 

The record and computations are suggested by the following form : 

Weight of the glass stopper in air . . . W 

Weight of the glass stopper in turpentine . . ... \V* 

Weight of the glass stopper in water .... . . . w 

.'. Weight of turpentine equal in volume to the stopper = W — W 

.". Weight of water equal in volume to the stopper, W — w = 

w __ w* 

:. Sp. gr. of turpentine = — — = 

W - w 

Experiment 51. — Object. To find the specific gravity of a liquid 
by means of a hydrometer. 

A hydrometer consists of a glass tube, with one or two bulbs at the 
lower end containing enough air to make the whole instrument specifically 
lighter than water, and at the same time some heavy substance, 
as mercury or shot, enough to make the instrument stand upright 
when in a liquid (Fig. 109). The tube above the bulb is graduated. 

The Principle. Any body specifically lighter than a liquid, 
will sink in that liquid just far enough to displace a volume 
whose weight is equal to its own. This follows from the prin- 
ciple of Archimedes (§ 79, b). Any such body will sink deeper 
in a lighter liquid, and displace more. Hence : 

The volumes of different liquids displaced by a hydrometer are 
inversely as the specific gravities of the liquids. The specific 
gravity of a liquid is indicated by the depth to which the instru- 
ment sinks. ***• 

The numbers on the stem, in some kinds of hydrometer, are 
specific gravities, while in other kinds they are simply arbitrary numbers 
called dpgrees. In the latter case a table of specific gravities is needed to 
show the values of the scale readings. 
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Apparatus. A tall, narrow jar. A pair of Beaum6's hydrometers. 1 
Liquids. 

Manipulation. Insert the clean, dry, hydrometer in the liquid whose 
specific gravity is to be found. See that no air bubbles remain upon it, 
and that it does not touch the sides of the jar. Place the eye on a level 
with the surface of the liquid in the jar, and note the scale reading. Do 
not be misled by the capillary rise of the liquid on the glass (§ 49, a). 
Consult a table of specific gravities for that which corresponds to this 
reading. 

81. Studies. — 1. A narrow tube open at both ends may be filled with 
water by immersion. If one end be then closed with the finger, the 
tube may be held in the air with its open end downward, without losing 
the water. Try it, and explain why the water does not fall out. 

Try also a wide-mouth bottle, and explain why, in this case, the water 
will fall out. 

2. A wide-mouth bottle full of water may be held bottom up without 
spilling the water if a card is gently pressed against its mouth while it is 
being inverted. Try it, and explain why the water does not fall out. 

3. A jar (A, Fig. 110), having been partly filled with water by immer- 
sion, is lifted, mouth downward, and placed upon a shelf in the cistern ; 

the water does not fall out. By what 
force is the weight of the water LC sup- 
ported? Where is this force exerted on 
the water, and how comes it to be an 
upward pressure to balance the weight of 
the water in the jar ? 

4. If the barometric height is 75 cm. 
when the experiment is made, find the 
upward pressure per square cm. which 
supports the water (1,(7, Fig. 110). 

6. If C is 30 cm. above tbe level of the 
water in the cistern, compute the down- 
ward pressure per square cm. of the water in the jar. And next compute 
th<* upward pressure per square cm. against the air in the jar, the baro- 
metric height being 75 cm. 

6. A pipe supplies water to the upper rooms of a 3-story building, 
terminating at a height of 36 feet above the lower floor. What pressure 
per square inch must the pipe at the floor sustain ? 



A 



Fig. 110. 



* One is for liquids, like ether, lighter than water ; its zero is at the lower 
end of the stem. The other Is for liquids heavier than water ; its scale begins 
with 10, the upper end of the stem. The beginning of the scale in both cases 
is the mark for the level of water. 
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COMPRESSIBILITY AND EXPANSIBILITY OF GASES. 

82. Comparison of Liquids and Gases. — We have seen that 
air is reduced .5 of its volume by the pressure of one atmos- 
phere per square inch, while water is reduced by an equal 
pressure only .00005 of its volume (§ 40, b). On the other 
hand the volume of a given mass of air increases indefi- 
nitely as the pressure upon it is reduced toward zero, while 
the volume of a given mass of water, under the same condi- 
tion, is apparently unchanged. As with water and air, so with 
other liquids and gases. 

Compressibility and expansibility are distinguishing proper- 
ties of gases. 

83. Liquefaction of Gases. — There is a limit to the com- 
pressibility of gases. The limit is reached when the gas 
becomes a liquid. Many gases are reduced to liquids by 
great pressure alone. Others require a low temperature, as 
well as great pressure, to liquefy them. But every gas 
becomes a liquid under some degree of pressure and cold 
combined. For example: Carbon dioxide is liquefied by a 
pressure of 53 atmospheres at ordinary temperatures ; hydro- 
gen, by a pressure of 300 atmospheres at — 29° C. 

84. The Law of Compressibility of Gases. — a. The law that 
connects the volume of a given mass of any gas with the 
pressure exerted on it is known as Boyle's law. It was dis- 
covered by Eobert Boyle, in 1662, and is stated as follows : 

The volume of a given mass of air, if the temperature is not 
changed, varies inversely as the pressure upon it. 

Experiment 52. — Object. To study the changes produced in the volume 
of a given mass of air by changes in the pressure to which it is subjected. 

Apparatus. In Fig. Ill, A and P are two glass tubes, of uniform 
bore, joined by a rubber tube, RR, and supported by a wooden stand. 1 

1 The support consists of an upright board, S, of 4-inch stuff, 4| inches wide, 
and 42 inches long, fasteneg with strong screws to the edge of a block made 
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A contains the air to be measured. P and RR contain mercury, by 
which the required changes in pressure are obtained. M is a meter bar, 
by which the lengths of the air and mercury columns may be measured. 
A is fixed, but Pmay be lifted or lowered alongside of 
Jf, by means of a cord, as shown. 

Explanations. If P is lowered until the mercury is 
at the same level in A and P, the imprisoned air in A 
receives the atmospheric pressure (§ 71, d). If the 
pressure tube is lifted so that the mercury level in P 
is carried up to p, then the air in A receives the press- 
ure of the atmosphere and the additional pressure of 
the column of mercury reaching from the level of A 
to that of p. Hence one can change the pressure on 
the given mass of air in A by lifting or lowering the 
pressure tube, P. 

Manipulation. Place the instrument on one corner 
of the table, and fasten it firmly by means of a clamp. 
The tube, RR, should hang down in front of the edge 
of the table. Read the barometric height, H. Place 
the mercury surfaces in the tubes A and P on the 
same level, and read the length of the air column in 
A which represents the volume, F, of the imprisoned 

mair. Move P upward about 5 cm. Again read the 
volume, V, of air, and the difference in heights of 
the mercury in A and P. Call this h. Continue to 
lift P, and take readings of Kand h up to near the 
top of the scale. 

To use pressures less than the atmosphere : Lower 
the meter bar until its top is level with the surface 
f of mercury in A and P when they are at the same 

height, by moving its screw. Then lower P, and 
again take readings of the volume, V, and the dif- 
ference in heights of the mercury in A and P. 
Remember that if the mercury in P is below the mercury in A y the 
value of Ap, or h, is negative. Why ? 

The record should be made of each reading, at the moment it is taken, 
in tabular form as follows : 



R 

Fig. 111. 



Barometric height, H, = 



of 1-inch stuff, 12 inches by 44 inches, which projects backward. Or 5 without 
the block may be hung against the wall of the room, on a nail which slips 
through a hole near the upper end. The meter bar may be fastened" against 
the face of the board by a single screw at the upper end. 
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Haying observed the values of V and h, compute the pressure, H + h, if 
the mercury in P is higher than in A, or H — h if the mercury in P is 
lower than in A. And then, to compare the volumes and pressures, find 
the product of the two in each case, entering it in the table. Consider 
whether the products are all so nearly equal that their variations may be 
fairly attributed to the necessary errors or imperfections in the experi- 
ment. If they are so we may infer that the volumes of a mass of air, if 
its temperature is unchanged, vary inversely as the pressures. This infer- 
ence follows because whenever two products are equal, the factors are 
inversely proportional. 



Thus if 
then 



Px K=P'x F, 
V.Vi.P'iP. 



b. More exact and more exhaustive experiments have been 
made since those of Boyle, which have shown that this law is 
not strictly true. There is a little difference in the compres- 
sibility of different gases, under pressures very great or very 
small, and that of any one gas varies when the gas is near the 
point of liquefaction. 

c. As the volume of a given mass of air is less under greater 
pressure, its density must be greater. That is to say, the 
density of a given mass of air must vary directly as the pressure 
upon it. 

d. Any so-«alled "empty" vessel is full of air. The volume 
of the air in the vessel is, if we neglect changes in tempera- 
ture, always the same ; but the mass of the air within depends 
on the atmospheric pressure. What if we could take off the 
pressure of the atmosphere ? The air within would expand ; a 
part would leave the vessel. The residue would fill the vessel, 
but there would be less of it. In other words, air may be 
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removed from vessels by reducing the pressure which holds it 
in. An instrument for removing air from vessels is called an 
cur pump. 

85. The Piaton Air Pump. — a. The essential parts of this 
air pump are as follows : 

A metal cylinder, C (Fig. 112), with a tube from the bottom, 
the other end of which passes through a metal plate, p. A 

piston, P, which fits 
inside the cylinder air 
tight, but is capable of 
moving from end to 
end. Valves v and v', 
covering openings, one 
in the piston, the other 
in the tube, which can 
easily be lifted by press- 
Fi * 112 - ure from below, but 

which are closed, all the more tightly, by pressure from above. 
The plate, p y is ground true, so that a glass vessel, B, whose 
mouth is also ground true, will fit it so closely that no air can 
pass between them. Compare this arrangement of valves with 
that in the common pump (Fig. 104). Think also why the 
valves of the air-pump must be lighter and fit more closely. 

b. When P is lifted, the air pressure above it shuts the 
valve v, and the air is compressed between v and o, so that it 
closes the one and forces its way out through the other. The 
piston thus removes the air pressure from v'. Then the air 
in B expands, lifts v\ and fills the space below P, so that, 
when P has reached the top, the cylinder is full of air that 
has come out of B. When P is pushed down, the outside air 
closes o. The air below P closes v\ opens v, and the piston 
passes through the air. In this way every upward stroke 
takes a part of the remaining air out of B. 

c. The removal of all the air by this means is not possible. 
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Only a part of the residue, after each stroke, can be taken out 
by the next. Why ? 

Practically, the exhaustion by the pump is limited by two 
causes: First, leakage — air finds a way between the joints even 
in the best-made instrument; second, the weight of v 1 — there 
must be air enough left behind to lift it. In the best modern 
pumps the second cause is removed by making the piston move 
this valve. 1 

d. The degree of exhaustion is measured by a mercury 
gauge (Fig. 113; Fig. 112, g). It consists of a U-tube in- 
closed in an air-tight tube, with a stopcock, by 
which it is attached to the pump. The closed limb 
of the U is full of mercury so long as the air 
presses in the open limb. But the pump removes 
this air pressure until it can no longer support the 
mercury, and then the residue of air pressure is 
measured by the difference of level in the two 
limbs. For example : Suppose the mercury is one 
fourth of an inch higher in the closed limb than in the other ; 
then if the barometric height is 30 inches (§ 75, c), since 30 -*- \ 
is 120, the residue of air in the gauge and in the receiver is 
jfa of the original mass. 

Example. — Suppose the difference of level in the gauge is .5 cm., 
and the barometric height 74.5 cm. ; what degree of vacuum has been 
obtained ? A good piston pump may reduce the air to y J^, or to .3 of 
one per cent. 

86. The Geissler Mercury Pump. — a. The essential parts of 
this pump are as follows : A reservoir, A (Fig. 114), with one 
tube, T, more than 30 inches long, and another, (7, also over 30 
inches long, with its lower open end in a vessel of mercury. 
A reservoir, B, somewhat larger than A, joined by strong rubr 

1 Numerous interesting and instructive experiments with the air pump and 
apparatus, usually found in school cabinets, are described in text-books, which 
are easily accessible, and may be used as the teacher judges best. 
cooley's phys. — 11 



Fig. 113. 
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ber tubing to the lower end of T. A bent tube, OV, provided 
with a side tube having a valve at p, by which communication 
may be made between the tube T and 
a vessel to be exhausted, R. There is 
another valve at O which closes the 
tube while the exhaustion is going on. 
The reservoir B is filled with mercury. 
b. Let O be closed and p be opened. 
Then let B be lifted to the level of A ; 
mercury from B will soon fill A, and 
overflowing, fill C also, while the bend in 
» O V prevents its flow over to R. Let B 
be lowered. The mercury will sink out 
of A to a point below V, about 30 inches 
above B 9 and at the same time rise 
about 30 inches in C. A Torricellian 
vacuum (§ 74, k) is thus formed in A, 
and the air in R expands into it. B is 
again lifted ; the mercury closes V, fills 
Ay and drives the air out at the lower 
end of C. Thus one reservoirful of air 
has been taken from R and expelled 
into the open air. The lowering and lifting of B is repeated, 
and a part of the residue of air in R is, each time, removed. 
The vacuum in R is thus increased until it is little less than 
the Torricellian vacuum itself. 

The Geissler pump is used to exhaust the globes of incan- 
descent electric lamps, and for other purposes, where high 
vacua are desired. It shares these uses, however, with another 
form of mercury pump, — the Sprengel pump, — by which 
the highest vacua, obtained by mechanical means, have been 
produced. 1 




1 Physics, Advanced Course, by George F. Barker. 
ties of Matter, by Arthur L. Kimball. 
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DIFFUSION OF FLUIDS. 

87. The Intermingling of Fluids. — a. Water will float on a 
solution of copper sulphate for the same reason that wood will 
float on water; its specific gravity (§ 80, a) is less. When 
a lighter liquid is above a heavier one, we should expect 
gravity to keep them unmixed for any length of time, if they 
are not disturbed. But this inference is not true to the facts. 
To see what actually happens when two liquids are placed in 
contact, we may proceed as follows : 

Experiment 58. — Two liquids of different specific gravities may be 
brought together without mixing, by means of a siphon (§ 78, a). 

B (Fig. 115) represents a beaker containing water. A represents a 
beaker containing strong solution of copper sulphate. 8 represents a 
siphon, by which the copper sulphate is to be 
transferred to the bottom of B. This siphon 
consists of two glass tubes connected by a 
rubber tube. 

Fill the siphon 1 with copper sulphate by 
placing the end of the shorter glass tube in 
that liquid, applying the lips to the end of the 
longer, and slowly sucking the air out until 
the sulphate has risen in the tube nearly to 
the lips. Stop before the sulphate reaches the FJ - 115# 

mouth. Pinch the robber tube to close it 

tightly, while you put A upon its support and the end of the longer tube 
down upon the bottom of B. Open the rubber tube, and watch the lift- 
ing of the lighter, colorless liquid by the heavier blue one which the 
siphon carries over. To stop the siphon, pinch the rubber tube tightly, 
and lift it out of B. With a little care in these operations, the two 
liquids will not be mixed, but the plane of separation will be distinct. 
Cover the jar which contains the liquids with a plate, and leave it undis- 
turbed for twenty-four hours or longer. If the blue tint appears to be 
spreading upward, the liquids must be slowly intermingling. 

b. Strong brine may be put beneath water which is colored 
with litmus to make their plane of contact visible. In time 

1 Before trying to fill the siphon with the sulphate, practice with water 
until you can do it readily without drawing the liquid into the mouth or 
leaving much air in the end of the tube. 
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the lighter water will be found to have worked its way down 
into the brine a little, and the brine must have worked its 
way up a little at the same time, since the jar is just as full 
as at first. Alcohol is lighter than water, but if put on top 
of water, the two will gradually intermingle. 

c. That gases behave in much the same way, may be observed 
as follows : 

Select two half-pint, wide-mouth bottles, H and A (Fig. 116), whose 
mouths will fit smoothly together. Smear the mouth of A with tallow. 
Fill H with hydrogen gas (or coal gas, if this is more con- 
venient) by holding it mouth down over a tube connected 
with a gas supply, which reaches up inside to the bottom. 
The gas, being lighter than air, will collect above, and drive 
the air out of the bottle. Then press the mouth of H down 
upon that of A, and leave them standing, say fifteen minutes. 
Finally, lift H from A, and bring a match flame to the mouth 
of each. 

If the gases have intermingled, an explosion (harmless) 
will declare the fact. 

\ h \ d. The intermingling of two fluids when placed 
I / in contact is called diffusion. 

i Jj Liquids which will remain mixed when shaken 

9 ^ Bsm together will diffuse when placed in contact; but 

those which, like oil and water, separate again on 

standing, will not diffuse. No such difference exists among 

gases. Every gas will diffuse into every other. 

e. Since diffusion takes place when the lighter fluid is on 
top of the heavier, it cannot be due to gravity. It is believed 
to be due to molecular motion (§ 33). If the molecules of 
a liquid are in motion, they must be constantly jostling one 
another, so that the progress of any one in any particular 
direction is very greatly hindered, but not altogether stopped. 
We may conceive them to be dodging about from place to place 
among themselves. Accordingly, when two liquids are in con- 
tact, we can conceive the molecules of each to be wandering off 
among those of the other. This explains diffusion. 
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/ In gases the molecules are further apart than in liquids, 
and they must hinder one another much less on this account. 
Each can fly in a straight line until it collides with another, 
and their directions are changed only by such collisions. 
Hence their wandering ought to be less checked than that 
of the molecules of liquids. So that, where two gases are in 
contact, we can conceive the molecules of each as making 
rapid progress off among those of the other. This explains 
the fact that the diffusion of gases is more rapid than that 
of liquids. 

88. Osmose of Fluids. — a. If two liquids are separated by 

a porous membrane or partition, one or both will pass through, 

so that a mixture of the two will be found on one or both 

sides. 

Experiment 64. — Select a small funnel with a long stem. Wet a piece 
of parchment paper and bind it over the mouth of the funnel with a wide 
robber band; the joint must not leak. Fill the funnel 
with strong solution of copper sulphate to a point on 
the stem, and support it in water (Fig. 117) with the 
liquids at the same level on the inside and outside. 
Watch the experiment for some time. If the water in 
the beaker becomes tinted with blue, the copper sul- 
phate must be diffusing out. If the liquid rises in the 
stem, the water must be diffusing in faster than the 
sulphate is going out. 

The intermingling of fluids through porous 
partitions is called osmose. The action in the 
porous partition is very much like capillarity (§ 40, 6, e), but 
it is not the same. The conditions on which it depends are 
more numerous and complicated. 

b. Substances which do not crystallize (§ 50, a), such as 
gum, starch, and gelatine, mix through porous membranes with 
extreme slowness, while those which can be crystallized, will, 
if dissolved in water, pass through very freely. These two 
classes of substances are called respectively colloids and crys- 
talloids. 
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c So great is the difference between colloids and crystal- 
loids, that if the two are mixed they may be separated by 
osmose. For example: If arsenic or strychnine is mixed 
with ordinary articles of food, the mixture may be put into a 
glass vessel having a bottom of parchment paper, and sus- 
pended in water. The poison will diffuse out into the water, 
where it may easily be detected by chemical means, while the 
organic matter is left behind. This process of separating 
substances by osmose is called dialysis. 

d. It has been found that if water and alcohol are separated 
by a caoutchouc membrane, the alcohol will pass through, but 
the water will not, so that a mixture is formed only on one side. 
This case illustrates a general fact in osmose. A membrane 
transmits the liquid which wets it. If the membrane is wetted 
by both liquids, it transmits both and more of that one which 
wets it in the higher degree. 

e. The fluids in animal and vegetable bodies are separated 
chiefly by porous membranes or tissues, and are continually 
subject to the laws of osmose. Osmose is a most important 
action in all organic bodies. 



VII. MOLECULAR ENERGY — HEAT. 
HEAT A FORM OF E1CERGY. 

89. Meaning of the Word Heat. — a. The word heat is used 
in physics to denote the cause of the sensation of warmth. 

But the sensation of warmth is produced in two very dif- 
ferent ways, as, in one case, when we put our hands into warm 
water, and in another case, when we stand in the warm sun- 
shine. In the one case the source of the heat — the water — is 
in contact with the hand ; in the other case, the source of the 
heat — the sun — is distant. The action of the water is direct; 
the action of the sun is through the ether (§ 20, c). 

b. The heat that is transmitted by the ether is called radiant 
heat. It is, in its nature, the same as light, and will be 
studied with light in a future chapter. At present we are to 
study heat considered as that which enables matter to produce 
the sensation of warmth or cold by direct contact with the sense 
of touch. In what follows let this distinction be carefully 
borne in mind. 

90. Heat is Energy. — a. Energy (§ 17, a) has three charac- 
teristics : 

1. It may be transferred from one body to another. 

2. It may be transformed from one variety into another. 

3. It suffers neither loss nor gain in these changes. 

If it can be shown that heat has these characteristics, then 
heat is energy. 

Experiment 55. — Object. To show that heat may be transferred from 
water to metal. 

When one body warms another, does it really part with anything which 
the other receives ? 

l«7 
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A small beaker with warm water, a mass of metal which will slip into 
it, and a thermometer, will furnish an answer to this question. Proceed 
as follows : 

Put the beaker into a wooden box, and pack it about with cotton wool. 1 
Tie a thread to the metal. Put hot water into the beaker, and note its 
temperature as shown by a thermometer. Touch the metal, and notice 
that it feels cold, and then insert it into the water. After two or three 
minutes remove it, and find that it feels warm. Insert the thermometer, 
and find that the water is colder than before. The experiment shows 
that while the water lost heat, the metal gained it. 

Experiment 56. — Object. To show that heat may be transformed into 

potential mechanical energy. 

Set up the apparatus shown by Fig. 118. A flask, /, containing colored 

water. A bent tube, t, reaching from below the surface of the water 
through the air-tight stopper of the flask up 
and over into an empty beaker, o. Proceed 
as follows : 

Find the mass of the empty beaker. Apply 
heat to the flask, and continue it until the 
beaker is partly filled with water. The work 
(§ 14, a) of lifting this water from / to b has 
been done by the heat from the flame. The 
energy expended in lifting the mass of water 
has become the potential energy (§ 17, e) of 
the water at b. Thus the heat has been trans- 
formed into potential mechanical energy. 

b. The exact quantity of energy 
transformed cannot be found in this 
case, because the experiment has not 
been made with sufficient care to guard 
^ against losses. But you can make an 
estimate. Thus: Find the height of 
the water in b above the level in /; 
suppose it to be 2 feet. Find the mass of the water in b ; sup- 
pose it to be .6 of a pound. Then (§ 14, c) the energy expended 
by the flame to lift the water was, 

.6x2 = 1.2 foot-pounds. 

1 If heat passes out of the water, this jacket will help to keep it from getting 
away through the glass, so that it must go into the metal if anywhere. 




Fig. 118. 
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This 1.2 foot-pounds of potential mechanical energy in the 
water at b was previously in the flame as heat. 

c. Is there any loss or gain in the changes ? This question 
was answered by experiments made by Joule during the seven 
years ending in 1850. 

In one set of experiments Joule fixed a set of paddles to a 
vertical shaft, and put them into a brass cylinder containing 
water. A cord was wound around the upper part of the shaft, 
then extended sideways over a pulley, and fastened to a heavy 
mass which was allowed to fall. The energy of the falling 
mass was spent in stirring the water by rotating the paddles. 
The water was warmed by the friction between it and the pad- 
dles. In this way the mechanical energy of the mass was 
changed into heat in the water. 

Now the quantity of heat required to raise the temperature of 
a pound of water 1° F. is always the same (§ 92, b). So Joule 
found the quantity of heat produced in the water, by multiplying 
the mass of the water in pounds by the change in its tempera- 
ture in degrees. He found the quantity of mechanical energy 
expended, by multiplying the falling mass, in pounds, by the 
height through which it fell. His result was this : 772 foot- 
pounds of energy, if converted into heat, will raise the tempera- 
ture of a pound of water 1° F. Thus Joule's experiments 
proved that heat and mechanical energy are mutually converti- 
ble in definite quantities. 

d. More recent experiments have shown that Joule's number 
is too small. It varies with latitude and with temperature, 
but Rowland has shown that 777 * is a good approximate value 
if we do not take these variations into account. When all 
losses are accounted for, 777 foot-pounds of mechanical energy 
is the equivalent of the heat which raises the temperature of 
1 pound of water 1° F. 

1 780 for Manchester, where Joule's experiments were made, and at 10° C 
8ee Everett's C. G. S. System of Units (1891). 
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Or, if we use the C. G. S. units, the heat required to raise 
the temperature of 1 g. of water 1° C. is equivalent to about 
forty-two million ergs of mechanical energy. This numerical 
relation is called the mechanical equivalent of Jieat. 

e. If a piece of lead is placed on a block of iron, a few 
blows with a hammer will make it sensibly warm. Try it. 
The mechanical energy of the hammer is transformed into heat 
in the lead. It is done in this way. The molecules of the 
lead (§ 31, e) tremble under the blows, and the energy lost by 
the hammer when its motion is arrested, is transferred to the 
molecules of the lead. They were in motion before (§ 33), 
but their speed is increased by the blows, and the energy of 
the molecules in motion is heat. 

That heat, as we have defined it (§ 89, 6), is molecular energy 
seems to be proved by all experiments, notably by those of 
Davy, Rumford, and Joule. 1 Whenever the molecular agita- 
tion of a body is increased, the body is warmed ; when it is 
diminished, the body is cooled. 

MEASUREMENT OF TEMPERATURE AND HEAT. 

91. Temperature. — a. If two bodies are placed in contact, 
one warm, the other cold, the warm body will impart molecular 
energy, that is heat, to the cold body until both are equally 
warm. The body which gives heat to the other is said to have 
a higher temperature ; that which receives heat, is said to have 
a lower temperature. If no heat is transferred from either of 
two bodies to the other, they are said to have the same tem- 
perature. Temperature may be defined in two ways : 

As a fact : Temperature is the condition of a body which 
determines whether it shall give heat to, or receive heat from, 
others. 

1 See Tyndall's Heat Considered as a Mode of Motion, for descriptions of 
these experimeutg, 
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As a theory: Temperature is the relative kinetic energy 
(§ 17, d) of the molecules of bodies. 

ft. The sense of touch will not always correctly tell us 
whether two bodies have equal temperatures. For example : 
Wrap a piece of metal in a piece of flannel ; after a little time 
they will have equal temperatures. But if then you touch 
them both, the metal will feel colder than the flannel. Try 
it. The sensation of cold depends partly on the rate at which 
heat is transferred from the hand, and the metal takes it away 
faster than the flannel. 

c. How, then, can we compare the temperatures of two 
bodies ? It can be done only by comparing the changes which 
occur in producing their temperatures. Changes in volume 
are more nearly proportional to the changes in temperature 
than any others produced by heat, and hence temperatures are 
compared by measuring the changes in volume which accompany 
them. 

Experiment 57. — Object. To study the changes in volume that accom- 
pany changes in the temperature of a given mass of air, the pressure 
upon it remaining constant. 

In the stem of the bulb- tube bt (Fig. 119) is a short thread of mer- 
cury, m, by which a certain mass of air in the bulb and stem 
is shut off from the air outside. The bulb may be about 
an inch in diameter, the stem about \ of an inch in diameter, 
and 12 inches long. 

To get m into place, warm ft, then insert the open end of 
t in mercury. The mercury will soon enter the end of t, and 
when about J of an inch has entered, lift the tube out and 
let the bulb cool ; m will go on toward ft. By trial it may be 
made to stand near ft, as shown, when the bulb is as cold as 
the air of the room. 

Support the bulb-tube vertically by the clamp of a retort 
stand at the upper end. Then consider these questions : Is e ' 
there a constant mass of air confined in the bulb-tube ? What is the 
pressure upon it ? Will the pressure be constant during the experiment ? 

Mark the stem at the bottom of m, and put the bulb into a beaker of 
water. If the water has the temperature of the air, m will not move. 
But if it move, mark its place on the stem. Take the temperature of 
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the water by inserting a thermometer. Four a little hot water into the 
beaker and mix it thoroughly so as to warm the water a little. The air 
within will soon take the temperature of the water ; the air in the stem 
will lengthen to a certain point and stop. Mark the place of m. 
Add a little more hot water to raise the temperature ; notice 
the lengthening of the air column, and mark the place of m 
when it stops. Repeat, raising the temperature little by little 
until m is near the top of t. Finally ascertain whether the 
lengthening of the air column has just kept pace with the in- 
crease in the temperature of the water in the beaker, by meas- 
uring the several distances between the marks on the stem, and 
comparing them with the changes noted in the temperature. 

d. In the case of air the change in temperature is 
proportional to the change in volume that goes on with 
it. This is true of all gases, and very nearly true of 
some other substances. If we can measure the expan- 
sion or the contraction which takes place in such a 
substance, we can find values to represent the changes 
of temperature which occur at the same time. This 
principle is embodied in Thermometers, instruments 
for comparing the temperatures of bodies and meas- 
uring their changes. 

Mercury is a liquid metal whose expansion by heat 
is remarkably uniform, and neither too great nor too 
small for practical purposes. It is the substance used 
in most thermometers. 

e. The mercurial thermometer (Fig. 120) consists of 
a glass tube of fine bore with a bulb at one end. The 
bulb and a part of the stem are full of mercury. The 
space in the tube above the mercury is a vacuum, and 
the end of the tube is hermetically sealed. A scale 
to measure the expansion and contraction of the 
thread of mercury is attached to the stem, or, in the 
better instruments, engraved on the stem itself. 

Flfr. 1580. 

The scale must be made separately for each in- 
strument, because the bulbs of different instruments are not 
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the same size, and the bores of their tubes not equally fine, so 
that their mercury threads do not lengthen equally for the 
same change in temperature. 

/. In graduating the scale, two " fixed points " are first found 
and marked. These fixed points represent two " standard tem- 
peratures," one being the temperature at which ice melts, the 
other being the temperature at which water boils under an 
atmospheric pressure of 76 cm. (§ 75, /). These two tempera- 
tures are invariable. 

The lower "fixed point" is found as follows: The bulb and 
lower part of the stem is packed in melting ice from which the 
water drains away freely. The mercury thread shortens for a 
time, then stops. The top of it is then marked on the stem or 
scale. 

The higher " fixed point " is found as follows : The bulb and 
stem are immersed in the steam just above the surface of boil- 
ing water. The mercury thread will lengthen for a time and 
then stop. The top of the thread is then marked on the stem 
or scale. 1 

Finally, the distance between the fixed points is divided into 
a certain number of equal parts, and the divisions are extended 
above and below them along the stem. These divisions are 
called degrees. 

g. There are three ways of numbering the degrees : 

1. The melting point of ice is marked ; the boiling point 
of water is marked 100, and there are 100 divisions between. 
In this case the instrument is called a Centigrade thermometer, 
and represented by C. 

2. The melting point of ice is marked 32 ; the boiling point 
of water is marked 212, and there are 180 divisions between. 



1 The pressure of the atmosphere not being the standard 76 cm., nor the 
temperature the standard 0° C, while the experiment is going on, the length of 
the thread is "corrected," and it is the place where the top would be under 
those conditions, that is marked on the scale. 
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In this case the instrument is called a Fahrenheit thermometer, 
and represented by F. 

3. The melting point of ice is marked ; the boiling point 
of water is marked 80, and there are 80 divisions between. In 
this case the instrument is called a Reaumur thermometer, and 
represented by R. 

h. In Fig. 121 these three scales are shown side by side for 
comparison. Observe that the same temperature has a different 
value on each scale. Observe again : 

S| 100° C. =180°F; 

.-. 5°C. =9°F. 

fti<]> anil 

Hence, to convert degrees Centigrade to degrees 
Fahrenheit, multiply the C.° by £ . Thus 50° C. 
are equal to 50 x £, or 90° F. Observe again 
that the 

temperature 100° C. 

= temperature 180° F. + 32°. 

Hence to convert temperatures Centigrade into 
temperatures Fahrenheit, multiply the C.° by £ 
and add 32. For example : If the temperature 
of a room is 20° C, what is its temperature 
according to Fahrenheit ? 

20x£ + 32 = 68. It is 68° F. 

To convert Fahrenheit temperatures to Centi- 
grade temperatures : First subtract 32, and then multiply by $ . 
For example: On a hot day in summer the temperature 
according to a Fahrenheit thermometer was 92° ; what was the 
temperature according to a Centigrade thermometer at the same 
time and place ? 

(92 - 32) x f = 33$. The temperature was 33 J° C. 

Observe, again, that the degrees are numbered from both 
up and down the stem. To distinguish degrees below 0, they 
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are considered to be negative. Thus — 10° F. means 10° below 
the Fahrenheit 0. 

Examples. — 1. What temperature C. corresponds to — 16° F. ? 
(- 16 - 32) x J = - 26$. Hence - 16° F. = - 26J° C. 

2. Find the temperature on Fahrenheit scale equal to — 40° C. 

3. Mercury freezes at — 38.8° C. ; what is its freezing point on Fahren- 
heit scale ? 

4. Mercury boils at 350° C. ; what is its boiling point on Fahrenheit 

scale? 

t. It is evident from the last two examples that some other 
substance than mercury must be used to measure temperatures 
below — 38° C. and above 350° C. For the lower temperatures 
alcohol is often used ; its freezing point is — 130° C. ; and for 
the higher, metals are sometimes employed. But air is much 
better for the purpose than alcohol or metals. In fact, the air 
thermometer is the only means to measure very low or very 
high temperatures with accuracy. 

Experiment 58. — Object. To test the accuracy of the freezing point 
on a thermometer scale. 

Fig. 122 represents the arrangement of apparatus. Support a funnel, 
/, by a wide-mouth bottle. Support a thermometer, «, with its zero point 
just below the rim of /. Wash some good ice and crush 
it by inclosing it in cloth and pounding it with a ham- 
mer. Pack the well crushed ice around the bulb and 
stem, leaving the zero mark just visible above it. The 
ice will slowly melt, and the water will drain away into 
the bottle, thus leaving the thermometer all the time ex- 
posed to melting ice. 

Watch the shortening of the mercury thread, and 
when the top has become stationary, read the scale, 
using a magnifying glass to enable you to estimate the 
tenths of a degree. The difference between this reading 
and zero will be the zero error of the thermometer. 

Experiment 59. — Object. To test the accuracy of 
the boiling point on a thermometer scale. F, » # 188 * 

A wide-mouth flask, F(Fig. 123), is fitted with a stopper, through which 
passes the end of a tube, T, long enough to take in the boiling-point mark 
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Tig. 123. 



when the bulb of the thermometer is about 1.5 cm. above the surface of 
the water, the flask being about one half full. The upper end of T is to 
be closed with a two-hole stopper. One hole con- 
tains the end of an elbow tube, O; through the 
other the thermometer is inserted. By this appa- 
ratus the bulb and stem of the thermometer may 
be heated to the temperature of the steam which 
must issue from 0, and this is the same as that of 
the boiling water. Boil the water briskly, watch 
the mercury, and when it has become perfectly 
stationary, read the scale, using a magnifier to 
estimate the tenths. This gives the boiling point 
under the existing atmospheric pressure. 

Experiment 80. — Object. To discover the effect 
on the boiling point of increasing the pressure on 
the liquid, and to make the necessary correction. 

Use the long tube, P, and a beaker, B> contain- 
ing mercury about 4 cm. deep. Join the upper 
end of P to 0, and then insert the lower end of P 
into B. The steam must then pass through P, and the back pressure of 
the mercury in B will be exerted on the water in F. Boil the water 
briskly, and note the reading of the scale. This gives the boiling point 
under the additional pressure of the mercury in B. You should find that 
' the boiling point rises if the pressure on the liquid is increased. 

So the boiling point, found by the preceding experiment, should be cor- 
rected for atmospheric pressure ; that is, we should find what it would be 
if the pressure were the standard 76 cm. (§ 75, e). To do this: 

Read the barometer, take the difference between this and the standard 
76 cm., and divide by 2.68. The quotient is the correction to be made, 
because it has been found that a difference of about 2.68 cm. in pressure 
makes a difference of 1° C. in the boiling point. This correction must be 
added, if the pressure is less than the standard, and subtracted if the 
pressure is greater. 

Example. — A thermometer gives the boiling point of water as 99.5° C. 
when the barometer reading is 76.5 cm. ; what correction should be made ? 
What is the error of the thermometer ? 

76.5 - 76 = .5 .5 -s- 2.68 = .19 nearly. 

The correction to be made =.19° C. 

Boiling point observed 

Correction to be subtracted 

Boiling point at standard pressure . . . 



Boiling point error of the thermometer 



99.5° C. 

.19° C. 
99.31° C. 

.69° C. 
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92. Quantity of Heat. — a. It is very difficult to measure 
the quantity of heat a body gives up in cooling, because a 
warm body scatters its heat among all the things, colder than 
itself, which it touches. We may direct the heat from a warm 
body into some one other body colder than itself, with all pos- 
sible care to prevent it from going elsewhere, and yet some of 
it will escape in spite of our efforts. But by using proper 
vessels the loss may be made comparatively small. 

Vessels for conducting experiments in the measurement of 
heat are called calorimeters. 

One simple form of calorimeter is shown in section in 
Fig. 124. A cylindrical vessel, about 12 cm. high and 8 cm. in 
diameter, made of thin, polished, sheet metal, — 
copper is best, — is placed inside a wooden box, 
and loosely packed all around with wool or cotton. 
Through the wooden cover are two holes, one for 
the insertion of a thermometer, the other for a 
stirrer. A warm body put into the inner vessel 
will lose its heat very slowly, because the thin ves- 
sel will take but little to make it as warm as the 
body within, while the wool and wood transmit 
heat at a very slow rate. Tis ' 124 ' 

Experiment 61. — Object To compare the quantity of heat given- up 
by warm water with the quantity received by cold water, when equal 
masses of the two are mixed. 

' We may obtain very nearly equal masses of water by taking equal 
volumes, since 1 cc. of water is nearly 1 g. (§ 4, h). 

Put about 200 cc. of warm water, at about 40° C, into the calorimeter, 
noting the exact volume. Put an equal volume of water, at the tempera- 
ture of the room, into a beaker. Note the exact temperature of the cold 
water first, then of the warm water, and immediately pour the cold water 
into the calorimeter. Mix the two portions thoroughly with the stirrer, 
and take the temperature of the mixture. In one experiment the record 
stood as follows : 

Warm water .... 200 cc. at 40° C. 

Cold water 200 cc. at 21° C. 

Mixture > 400 cc. at 30° C. 

COOLEY'S PHY8. — 12 
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In that case the warm water was cooled 10° C, and the cold water was 
wanned 9° C. In like manner, see if, in your experiment, the heat received 
by the cold water was nearly equal to that given up by the warm water. 

But there were defects in the experiment not to be overlooked : 

1. The masses taken were not exactly equal, because cold water is 
denser than warm water (§ 6, a, 6). 

2. A little of the heat from the warm water went to warm the calo- 
rimeter, the thermometer, and the stirrer, instead of into the cold water. 
On both these accounts the temperature of the mixture is not so high as 
it would otherwise have been. A small difference between the heat given 
and the heat received may be accounted for in this way. Making allow- 
ance for this small quantity, well made experiments prove the following 
statement : 

b. The quantity of heat that makes a temperature change of 
10° from 40° down the scale, will make almost exactly the 
same change of 10° from 20° up the scale. Or in general, equal 
temperature changes in a given mass of water in different parts of 
the scale are produced by very nearly equal quantities of heat. 

The C. G. S. unit of heat is the quantity of heat that will 
raise the temperature of 1 g. of cold water 1° C. This unit is 
called a gramrdegree 9 or calorie. 

Experiment 62. — Object. To compare the quantity of heat given up 
by warm water with that received by cold water, when unequal masses 
are mixed. 

Put about 200 cc. of water, at about 50° C, into the calorimeter, and 
about 300 cc, at the temperature of the room, into a beaker. Note the 
volumes and temperatures. Mix the two and take the temperature of 
the mixture. Make your record and study the results as suggested below : 

Mixed 180 cc. water at 50° C. 

With 320 cc. water at 20° C. 

Found 600 cc. mixture 30° C. 

While the temperature of the warm water was lowered 20°, that of 
the cold water was raised only 10°. These temperature changes are very 
unequal. To compare the quantities of heat in such a case we must 
measure them in gram-degrees (6). The number of gram-degrees is the 
product of the mass in grams by the temperature change in degrees. Thus : 

From the warm water went 180 x 20 = 3600 gram-degrees. 
To the cold water went 320 x 10 = 3200 gram-degrees. 
Apparent loss of heat = 400 gram-degrees. 
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It is easy to see that the observed results cannot be exact. Two defects 
of the experiment have been pointed out (Experiment 61). There is a 
third source of error: The readings of the thermometer are not exact. 
An error of .5° C. in the temperature of the warm water would make a 
difference of 90 gram-degrees. If the reading is taken too soon after 
inserting the thermometer, it is too low. By taking account of these 
defects the apparent loss of 400 gram-degrees may fairly be explained. 

c. Such experiments, when well made, show that the heat 
given off by any mass of water cooling 1° is equal to the heat 
required to raise the temperature of an equal mass of water 1°. 
But it has been shown that this law is not exactly true unless 
the temperatures of the two masses are in the same part of the 
scale. For example : The heat required to raise 1 g. of water 
from 0° C. to 1° C. is a little more than that required to raise 
it from 10° C. to 11° C l 

d. The heat that raises the temperature of a calorimeter 1° 
is called its water-equivalent. 

In one case it was found by experiment that 4.18 gram- 
degrees would raise the temperature of the calorimeter 1° C. 
But 4.18 gram-degrees will raise the temperature of 4.18 g. of 
water 1° C. (6). Hence that calorimeter would be counted as 
4.18 g. of water in all temperature changes taking place within 
it, and in every experiment with it, 4.18 g. would be added to 
the mass of the water used, in order to allow for the heat 
which it takes. 

The water-equivalent may be computed by multiplying the 
mass of the calorimeter, found by weighing, by the quantity of 
heat which will raise 1 g. of its substance 1°, found in tables 
of what are called specific heats (§ 94, d). Thus : The mass 
of a copper calorimeter was found to be 40 g., and the table 

1 Hence the definition of the gram-degree, as the quantity of heat required 
to raise the temperature of 1 g. of cold water 1° C, is not precise. ' ' No definite 
temperature has been agreed upon for the cold water" (Everett's C. O. S. 
System of Units, 1891, pp. 98, 104). But if the gram-degree is equivalent to 
42,000,000 ergs, then, according to Rowland, the standard temperature of the 
cold water is 10° G. 
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gives us .095 as the factor for copper. Then the water-equiva- 
lent is 40 x .095 = 3.8 calories. 

Experiment 63. — Object. To find the quantity of heat required to 
raise the temperature of 1 g. of lead 1° C. (specific heat of lead). 

Method. Mix a known mass of hot lead with a known mass of cold 
water. Find the gram-degrees which the lead gives to the water, and 
divide by the mass of the lead. 

Operations. Use about 75 cc. of water, and about 300 g. of lead in the 
form of fine shot. To heat the shot, put it into a wide test tube, insert 
the bulb of a thermometer among the shot, place the tube in a beaker of 
water, and keep the water boiling until the thermometer shows that the 
temperature will rise no further. The water should be so deep that the 
lead is all below the surface. In the mean time measure the cold water 
into the calorimeter. Note its mass, counting 1 cc. = 1 g. ; also the water- 
equivalent of the calorimeter, which, if not given you, find as described 
in the preceding paragraph (d). Then note the temperature of the shot. 
Keep the water boiling, but remove the thermometer and cool it in cold 
water. Wipe it, and take the temperature of the water in the calorimeter. 
Finally, grasp the tube, and immediately pour the shot, without loss, into 
the calorimeter, without splashing the water. Insert the thermometer, 
stir the water and shQt, and take the highest temperature that the ther- 
mometer reaches. Record the observations as follows : 

Mass of the lead g. M 

Mass of the water if 1 cc. = 1 g. | 

+ water-eq. of the calorimeter J *' m 

Temperature of the hot lead . . . . . ° C. T 

Temperature of the cold water ° C. t 

Temperature of the lead and water . . . ° C. t\ 

Make the computations as follows : 

Temp, change of the water, t\ — t ... ° C. A 

:. Heat received by the water, m x A = . . gr.-deg. B 

Temp, change of the lead, t\ — T . . . . ° C. C 

:. if grams lead cooling C° give up B gr.-deg. 

and M grams lead cooling 1° give up — gr.-deg. 

C 

and 1 gram lead cooling 1° gives up -=- gr.-deg. 

JO 

Hence it takes — — gram-degrees to raise the temperature of 1 g. of 

Gin 

lead 1° C. 
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03. Queries. — How much heat would be requited to raise the tempera- 
ture of 1 kg. of lead 10° C? How much heat would be required to raise 
the temperature of 1 kg. of water 10° C. ? 

At 00° or any other temperature, which contains the most heat, a 
given mass of lead or an equal mass of water ? 

94. Specific Heat. — a. The quantity of heat required to 
raise the temperature of a unit mass of any substance 1°, is 
called the specific heat of that substance. 

If the temperature is measured in degrees Centigrade and 
the mass in grams, then the specific heat of a substance is the 
number of gram-degrees (calories) required to raise the tem- 
perature of 1 g. 1° C. 

Thus experiments like Experiment 63, but made with care 
and skill, haye shown that it takes .032 gram-degrees to raise 
the temperature of 1 g. of lead 1° C, while it takes .095 gram- 
degrees for 1 g. of copper. These quantities are the specific 
heats of lead and copper, respectively. Of course the specific 
heat of water is 1 gram-degree ; this is greater than that of 
any other known substance except hydrogen. 

6. The quantity of heat required to raise the temperature 
of any body 1° is called the thermal capacity of that body. It 
is computed by multiplying the specific heat of its substance 
by the mass of the body. Thus the thermal capacity of a bar 
of lead whose mass is 10 kg., or 10,000 g., is .032 x 10,000 = 320 
gram-degrees. That is to say, it will take 320 gram-degrees 
of heat to raise the temperature of the bar 1° C. 

Examples. — 1. What is the thermal capacity of an iron kettle whose 
mass is 5 kg., the specific heat of iron being .11 ? 

Am. (.11 x 5000)= 660, gram-degrees. 

2. What is the thermal capacity of 4 kg. of water ? 

3. If the 4 kg. of water be heated in the iron kettle, from 20° C. to 
boiling point of the water, how much heat will be taken from the fire ? 

The kettle will take .11 x 6000 x (100 - 20) = 44,000 gr.-deg. 

The water will take 1 x 4000 x (100 - 20) = 320,000 gr.-deg. 

.'. Heat required 364,000 gr.-deg. 

4. Compute the water-equivalent of the kettle. 
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c. The quantity of heat involved in any temperature change 
is the product: 

Specific heat x mass x temperature change. 

The art of measuring the quantities of heat involved in 
producing temperature changes in bodies is called calorimetry. 
Thus the experimental operations to determine specific heat 
are processes in calorimetry. There are many different meth- 
ods used in calorimetry ; that in the foregoing experiments is 
known as the method of mixtures. 

To find the specific heat of metals, and other solids which 
are not dissolved by water, the student may proceed as in 
Experiment 63. If the substance is a liquid which does not 
combine with water, the student can proceed as in Experi- 
ment 62. For other methods consult books on Heat. 

d. The specific heats of a few substances, true to the nearest 
thousandth of a calorie, are given in the following list for 
reference : 



Hydrogen 3.400 

Water 1.000 

Ice 0.504 

Air 0.237 

Turpentine 0.426 



Copper 0.095 

Lead 0.031 

Mercury 0.033 

Brass (hard) 0.086 

Iron (0°to 100°) . . . . 0.110 



95. Studies. — 1. The mass of a copper calorimeter was 30.32 g., and 
it contained 250 g. of water at 16° C. Afterward 150 g. of water at 98° C. 
was added. What was the final temperature ? 
Let t stand for the final temperature. 
(250 + .095 x 30.32) x (t - 15) 

= heat received by cold water and calorimeter ; 
150 x (98 - f) = heat given up by warm water ; 
.-. (250 + .095 x 30.32) x (t - 15) 

= 150 x (98 - |). 

Ans. The final temperature, t, was 45.9° C. 

2. 250 g. of water at 0° C. was put into a brass calorimeter whose 
mass was 40.25 g. ; 400 g. mercury at 99° C. was added. The final tem- 
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perature was 4.9° C ; what is the specific heat of mercury according to 
this experiment (§ 94, c) ? 

Specific heat x mass x change in ) = f specific heat x mass x change in 
temperature of mercury / I temperature of water. 

3. If we have an iron calorimeter, whose mass is 45.6 g., containing 
100 g. of water at 15° C, what mass of iron at 68° C. must be immersed 
to cause the final temperature of all to be 20° C. ? 

4. If 10 kg. of water at 18° C. be placed in a room measuring 4x4x3 
meters, in which the air is at 0° C, to what temperature would the 
water be able to warm the air, if its heat could go to no other body ? 
(The density of air at 0° C. may be taken as 1.3 g. per liter.) 

Am. 7.26° + C. 

5. How much heat is required to raise the temperature of 1 gallon 
(10 pounds) of water from 60° F. to the boiling point, in an iron kettle 
whose mass is 8 pounds ? Ans. 1653.76 Eng. units. 

6. If the least possible amount of heat is to be used to raise the tem- 
perature of 5 kg. of water from 0° C. to the boiling point, would you 
choose an iron or a brass kettle, of equal mass, in which to heat it? 
Why? If the mass of each kettle is 4 kg., how much heat would be 
saved by the choice ? 

7. Why should a hot-water bag be preferred to a stone of equal mass 
as a foot warmer? 

8. Why do extremes of heat and cold in inland places exceed those of 
places near large bodies of water ? 



THE TRANSMISSION OF HEAT. 

96. Conduction, Convection, and Radiation. — a. If one end 
of a wire — iron, copper, or brass — is held in a flame, the 
fingers, at the other end, will in due time receive heat. It 
will be found that the wire is heated all the way along, but 
less and less at greater distances from the flame. Try it. 

In this case some of the energy of the flame is taken by the 
end of the wire, and passed along, from molecule to molecule, 
to the other end. The transmission of heat from molecule to 
molecule is called conduction of heat. 

By conduction, heat is transferred from the warmer to the 
colder parts of the same body, or from one body to a colder 
body in contact with it. 
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b. If the hand is held above a flame, an upward current of 
warm air is felt. In this case some of the energy of the flame 
is taken by the molecules of air, which retain it while they go 
from the flame, and part with it again on contact with the 
hand. The heat is transferred by the air only as the mole- 
cules themselves are transferred. The transmission of heat 
by currents of heated molecules is called convection of heat. 

By convection, heat is diffused throughout bodies of gases 
and of liquids. Evidently it cannot occur in solids. 

c. If the hand is held alongside a heated body, or below it, 
or elsewhere in its vicinity, heat will be felt. It is found also 
that in a vacuum heat passes from body to body when they 
are not in contact. 

In this case there can be neither conduction nor convection. 
The heat is transmitted by the ether (§ 20, c), which is thrown 
into undulation by the energy of the molecules of the hot 
body. The transmission of heat by undulations of the ether 
is called radiation of heat. 

By radiation, heat is going from every body to every other 
continually. If a body receives from others more than it 
gives to them, it becomes warmer; if it gives more than it 
receives, it becomes colder. 

Conduction, convection, and radiation are the three distinct 
modes in which thermal energy is transmitted from body to 
body. Bear in mind that radiant heat has not been the sub- 
ject of our study, nor will it be until we reach the study of 
light (§ 89, a, b). 

97. Conductivity. — a. With one hand hold a small glass 
tube and with the other an iron rod, about the same size, 
across the top of a gas flame. The glass may be kept red hot 
for a long time within one or two inches from the fingers 
without causing discomfort, while the iron soon becomes un- 
pleasantly hot at a much greater distance. This shows that 
iron transfers heat more rapidly than glass. 
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A similar difference is found to exist among other sub- 
stances. Those which transfer heat rapidly — that is to say, 
a large quantity to considerable distance in a short time — are 
called good conductors, while those which transfer heat slowly 
are called poor conductors. The property of matter by virtue 
of which it transmits heat by conduction is called thermal 
conductivity. 

b. If we heat one end of a small copper wire (No. 21) about 
15 cm. long, we find the other end becoming warmer and 
warmer for a time, and then keeping a steady temperature. 
Try it. In fact, all points along the wire reach a stationary 
temperature. No doubt the heat continues to travel along the 
wire as much as at first. Each point receives heat at the same 
rate as before, but its temperature does not rise. Hence it 
must be giving away its heat as fast as it receives it. 

The heat is lost from the wire at every point, and from other 
bodies in similar circumstances, in three ways : 

1. Some goes by conduction to the next adjacent molecules. 

2. Some is taken away by convection in the air. 

3. Some is given off by radiation (§ 89, b). 

The rate * at which the heat flows through any substance, 
after its temperature becomes stationary, represents the conduc- 
tivity of that substance. 

Experiment 64. — Object. To compare the thermal conductivity of 
different metals by the Ingenhausz method. 

The apparatus consists of a trough to fjjw^N 

contain hot water, with small tubes in the 1|| ;^|1|\ 

side, through which rods of different met- ^Pj ^fe^tlvv 
als, — iron, copper, and brass are convenient, *\P \^^^\ 

— fixed in with corks, project into the \o |i 

water (Fig. 125). The rods should be equal \ | |. 

in length, about 12 cm., and in diameter 
about .5 cm., and project equal distances 

1 By rate we mean the quantity of heat that goes through a plate of sub- 
stance 1 cm. square and 1 cm. thick in 1 second, when the two faces of the 
plate differ in temperature by 1° C. 
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into the trough. Why ? They should be evenly covered with a thin coat- 
ing, by inserting them in melted wax. The trough is then filled with boil- 
ing water. The melting of the wax shows the progress of the heat along 
the rods. The rate at which the melting travels along a rod denotes the 
rise of temperature, and not necessarily the conductivity of the metal, 
because the specific heat may be different, so that a smaller quantity is 
required by one than another for the same temperature change. The 
distanc e to which the melting extends represents the conductivity. When 
the melting ceases, measure the distance that the wax melted on each 
rod. Make more than one trial, tabulate the results, and compare the 
conductivities. 

c. Solids, as a class, are better conductors than liquids. 
Among solids the metals are the best conductors, but they 
differ greatly among themselves. Liquids, excepting mercury 
and melted metals, are very poor conductors. As for gases, 
their conductivity is extremely small. In fact, it is still 
doubtful whether they conduct heat at all. 

d. In the practical affairs of life, whenever a body is to be 
protected against heat from outside, or against loss of heat 
from inside, they should be separated from outside bodies 
by poor conductors. On the other hand, whenever heat is to 
be transmitted either way, good conductors should be used. 

e. A judicious application of this principle will explain many 
every-day phenomena, and solve many problems relating to the 
use of heat 

In winter the person is to be protected from cold; that is 
to say, its heat is to be kept from passing rapidly out. Then 
woolen garments are worn, because wool is a poor conductor. 
In summer the person is to be protected from its own heat, 
which accumulates because the warm air takes it off more 
slowly than it is generated. Then cotton garments are pre- 
ferred, because cotton is a better conductor than woolen. 

Blocks of ice wrapped in woolen cloth melt slowly, even in 
summer. But why should woolen be worn to keep the person 
warm, and used also to keep the ice cold ? Vegetables inclosed 
in wooden boxes will not freeze so readily as if exposed to air 
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or inclosed in metal. Furnaces are lined with fire brick to 
keep the heat in ; ice boxes are built with double walls, filled 
in with air, or some fibrous or porous material like asbestos, to 
keep the heat of the summer air out. 

Copper is a much better conductor than iron ; hence copper 
is a better material for boilers and kettles. It is less durable, 
and more easily corroded by organic acids, hence not so de- 
sirable for some culinary purposes ; but it is more economical 
of heat. 

We know that water is readily heated throughout by apply- 
ing heat to the bottom of the vessel which contains it. But 
how can this be so if water is such an extremely poor conduc- 
tor ? The fact is explained as follows : 

98. Convection. — a. That portion of a fluid which is heated 
by contact with a hot body is expanded; its density is les- 
sened, and hence it is pushed upward by adjacent portions, on 
the principle of buoyancy (§ 79, b, c). Hence water or air, in 
a vessel heated from below, will be pushed upward by colder 
portions, which take their place only in turn to be driven away. 
Currents of warmer fluid flow away from the source of heat, 
and other currents of colder portions flow toward it. Try 
water. Put fragments of blue litmus at the bottom, and heat 
gently with small flame. It is by these currents that the heat 
is distributed. They are called convection currents, and this 
mode of distributing heat throughout a body is called con- 
vection. 

b. By convection the air in a room is heated by a stove or 
radiator. Also, by convection currents, water in boilers be- 
comes heated throughout. Convection currents may flow down- 
ward. For example, if a basin of ice is floated on warm water, 
currents of cooled water will fall away toward the bottom. 

c. The ventilation of rooms is accomplished by producing 
convection currents. The air of a living room is warmer than 
that outside. Hence a warm flue or chimney will carry off the 
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warm, impure air, provided the colder air can enter to push it 
out. The cold air is usually expected to enter through the 
chinks around the door and windows, but a better plan is to 
provide special openings for it near the floor, and then to 
warm it on its way, by having it pass over heated pipes, 
to prevent it from settling as a cold stratum over the floor. 
d. The hot-water heating of houses is accomplished by pro- 
ducing convection currents in water. Fig. 126 illustrates the 
principle involved in the method. Sup- 
pose a vessel, B, with a pipe, F 9 extend- 
ing upward from the top, and connected 
with branch pipes, H and R, leading 
back to the bottom. Let B and these 
pipes be filled with water, leaving an 
opening at the highest point for the 
escape of air which is contained in the 
water. Then if B is heated, the colder 
water in R will enter at the bottom, 
while the warm water rises in F, and 
flows over through H and R to reenter 
at the bottom of B. The flow will con- 
tinue so long as B is warmer than R, 
and the pipes at H will continually take heat from the water, 
and give it off to the room by radiation and contact with air. 

A house-heating apparatus consists of a boiler and furnace, 
B, placed as low as possible, with main pipes, F, reaching 
the upper parts of the building, and branch pipes to carry the 
water through coils, or clusters of metal tubes, 2Z, called 
radiators, in the rooms to be heated, from which return pipes, 
R, lead the water back to the boiler. 

If 10 pounds of water enter Hat 85° F., and leave it at 70° F., 
then 150 English units of heat have been given by the water 
to the coil, and these 150 units are given out by the coil to 
warm the room. 
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EFFECTS OF HE AT — EXPANSION. 

99. Work done within a Body. — The thermal energy which 
enters a body is expended in doing various kinds of work. It 
changes the temperature, changes the volume, and may pro- 
duce liquefaction and vaporization. We are now to describe 
the last three of these effects. 

100. Expansion. — a. That an iron ball is larger when hot 
than when cold may be proved by experiment with a metal 




Fig. 127. 

ball and ring, represented by Fig. 127. The ring is made just 
large enough to let the ball, when cold, pass through it ; it is 
found to be too small when the ball is hot. With few excep- 
tions solids are expanded by heat. That liquids and gases are 
expanded by heat has been shown already (§ 41). What we 
should next study is the expansion of different substances 
when heated alike. 

6. The behavior of two solids when heated under* the same 
conditions may be studied by riveting together two narrow 
strips of thin metal, iron and copper, of equal lengths, and 
then plunging the compound bar into boiling water, or heating 
it in a current of steam. The strips should be about 20 cm. 
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long, and riveted at every 3 cm. The compound bar is found 
to be bent, with the copper on the convex side. Clearly these 
two metals do not expand at the same rate, and it is easy to 
see which expands most with equal temperature changes. 

Experiment 66. — Object. To study the expansion of two liquids 

when heated alike. 

Select two 6-inch test tubes of as nearly equal capacity as possible, 

two corks which fit tightly without entering far, with two glass tubes of 
small and equal bore, about 20 cm. long, as shown in Fig. 128. 
Fill one test tube to the brim with water, and insert the cork. 
The water may quite easily be made to stand a few centimeters 
up in the tube, at a, without a bubble of air below the cork. 
Fill the other test tube in the same way with alcohol. Next 
immerse both test tubes in one beaker of water, at about 55° C. , 
and watch the liquids at a. You will be convinced that these 
two liquids do not expand at the same rate, and, by measuring 
ab, can make a rough estimate of their relative rates of expan- 
sion for equal temperature changes. The estimate will be nearer 
the true value as the tubes are more nearly alike. 



Flff. 128. 



Experiment 66. — Object. To find the apparent rate of ex- 
pansion of a liquid (coefficient of expansion). 

By rate of expansion we mean the enlargement of 1 cc. of substance 
when heated 1° C. 

The apparatus is represented by Fig. 120. A is a glass tube to contain 
the liquid. It is about 30 cm. long and .6 cm. inside diameter. It is 
closed at one end With the bottom as flat as possible. A 
thermometer, t, is bound to A, with its zero at the closed 
end, by bands, r, cut from the end of a rubber tube. 
There should be no danger of its slipping down or up. C 
is a tall jar to contain warm water by which to heat the 
liquid in A. 

Introduce as much liquid into A as will make the 
length, ab, such that when inserted in C, the upper end 
will be below the surface of the water. Its volume is to be 
noted in cubic centimeters, and also by the number of 
thermometer divisions in its length. Since the tube A is 
supposed to be uniform in its cross section the thermom- 
eter divisions represent equal volumes. Why ? Take the 
temperature just before inserting A in the water. Take it again when it 
has reached Us highest point. Results may be noted briefly as in the 
following example : 




Fig. ito. 
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Volume of alcohol at 26° C. . . 5cc. 
Volume of alcohol at 26° C. . . 137 thermometer divisions. 
Volume of alcohol at 53° C. . . 141 thermometer divisions. 
.'. 5 cc. of alcohol heated 27° C. expand 4 thermometer divisions. 
But 1 thermometer division = T $ T or .0365 cc, 
and 4 thermometer divisions = . 146 cc. 

.*. 5 cc. alcohol heated 27° C. expand .146 cc. 

14/1 

/. 1 cc. alcohol heated 1° C. expand iW or .00108 cc. 

^ 5x27 

According to this experiment, any quantity of alcohol between 26° C. 
and 53° C. expands at the average rate of .00108 of its volume per degree. 

But this is not the true rate of expansion of the liquid, because the 
glass tube expands at the same time. It is the difference between the rates 
of the liquid and the glass. It must be corrected by adding the rate of 
glass, which may be found in a table of coefficients of expansion. 

c. The following general facts or laws have been discovered 
by experiment : 

All bodies, with few exceptions, are enlarged by heat. Water 
at 0° C. is an exception. It contracts when heated until 4° C, 
after which it expands. 

Solids as a class expand less than liquids, and liquids less 
than gases, with equal rise of temperature. 

Each solid and each liquid has its own specific rate of expan- 
sion, but all gases expand at the same rate. 

The rate of expansion of a solid increases a little as the 
temperature rises ; that of a liquid increases much more ; but 
the rate of a gas is constant, the expansion of a cubic centi- 
meter being the same whether the gas is heated from 0° to 1°, 
or from 100° to 101°. 

101. Coefficient of Expansion. — a. The small fraction of 
itself which a unit volume of any substance at 0° C. expands 
when heated 1° C, is called its coefficient of cubical expansion. 
The small fraction of its length at 0° C. which a unit length 
of a solid expands when heated 1° C. is called its coefficient of 
linear expansion. Thus according to Experiment 66, .00108 is 
the coefficient of cubical expansion of alcohol. 
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It has been found that a cast iron bar a unit long at 0° C, 
will increase in length .000011+ of itself when heated 1° C. 
Hence the coefficient of linear expansion of cast iron is 
.000011+. 

The coefficient of cubical expansion is almost exactly three 
times the coefficient of linear expansion in every case. Thus 
the cubical coefficient of cast iron is .000034. 

Example. — If an iron bar is 3 m. long at 0° C, how long is it at 
100° C. ? The linear coefficient of cast iron is .000011. 
The expansion of 1 m. is .000011 m. if heated 1° C. 
The expansion of 1 m. is .000011 x 100 if heated 100° C. 

.'. 1 m. at 0° C. becomes 1 + .0011 m. at 100° C. 
.'. 3 m. at 0° C. becomes 3 (1 + .0011) m. at 100° C. 

Ans. At 100° C. the bar is 3.0033 m. long. 

b. We have seen (§ 75, /) that the height of the barometric 
column does not truly represent the pressure of the air unless 
the temperature is 0° C, or its equivalent, 32° F. It is too 
high if the temperature is above 0° C, and too low if the tem- 
perature is below 0° C. Why ? But we can easily correct it. 
For example : On one occasion the height of the column was 
observed to be 77.5 cm., and the temperature to be 20° C. ; 
what was the height due to atmospheric pressure? 

The coefficient of expansion of mercury is .00018. 

Hence, 1 cm. mercury expands .00018 cm. for 1° C. ; 
1 cm. mercury expands .00018 x 20 for 20° C. ; 
77.5 cm. mercury expands .00018 x 20 x 77.5 for 20° C. 
Hence the expansion of the barometric column was .279 cm. 
And 77.5 — .279 = 77.22 cm., the height due to atmospheric 
pressure alone. 
For temperatures below 0° C. the correction must be added. 

c. Since the volume of a given mass of any gas depends so 
much on its temperature (why?), no definite value can be 
given to it unless the temperature is stated. The standard 
temperature is 0° C, or the freezing point of water. If the 
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temperature is above 0° C, the measured volume is too large ; 
if below 0° C, the volume is too small. But we can easily cor- 
rect it. For example : 

On one occasion a chemist obtained 1.5 liters of carbon 
dioxide, at 18° C, from marble, by means of an acid ; what was 
the volume at standard temperature ? 

The coefficient of expansion of all gases is ^, or .00366. 

Hence, 1 cc. of the gas expands .00366 cm. for 1° C. ; 
1 cc. of the gas expands .00366 x 18 for 18° C. ; 
1500 cc. of the gas expands .00366 x 18 x 1500 for 18° C. 

The expansion of the 1.5 liters was 98.82 cc. 
And 1500 - 98.82 = 1401.18 cc, the corrected volume of the 
carbon dioxide. 

EFFECTS OF HEAT — FUSION. 

102. Fusion. — Fusion is the change of a substance from the 
solid to the liquid state by heat. The temperature at which 
fusion occurs is called the melting point. The reverse change 
— that is, the change from the liquid to the solid state — is 
called freezing j and generally occurs at the same temperature. 

Three important facts relating to fusion must now be con- 
sidered : 

1. The change in volume which takes place. 

2. The temperature at which it occurs. 

3. The amount of energy expended to produce it. 

Experiment 67. — Object. To discover what change in size occurs when 
solids melt or liquids freeze. 

Fill a small bottle, holding about 50 cc, full of water ; cork it tightly, 
and bury it in a mixture made of crushed ice with about one half its mass 
of salt. Then fill a test tube nearly full of melted paraffin, and stand it 
upright — not buried — in the same mixture. Fix another test tube of 
melted beeswax in the same way. These liquids will slowly freeze, and 
when they have solidified, you can discover evidences of expansion or 
contraction, and compare the changes of volume in the three substances. 
cooley's phys. — 13 
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Nearly all fusible solids behave like the paraffin and beeswax. The 
behavior of water is one of the few exceptions to the law. 

Experiment 68. — Object. To discover what changes in temperature 
occur when bodies melt or freeze. 

Fill one beaker two thirds full of clean crushed ice ; insert a ther- 
mometer, and note its temperature. Pour in water to fill the beaker to 
the level of the ice. Stir the mixture well, but carefully, with the ther- 
mometer until the ice is all melted, and observe from time to time the 
change in temperature, if any occurs. 

Most fusible substances, having reached their melting point, behave 
like water in respect to temperature ; but some, like glass, pass through 
a pasty condition on their way to the liquid state ; and some, like cam- 
phor and iodine, if heated slowly, do not melt, but vaporize. Try it 

Experiment 69. — Object. To find the melting point of beeswax, 
tallow, or paraffin. 

Draw out a glass tube to a small bore (.1 cm.) and fuse the end shut. 
Fut a little of the solid into the tube, and melt it by inserting in hot 
water until the small tube is filled. Bind the tube to a thermometer, with 
its narrow part alongside the bulb. Notice that the substance is opaque. 
Place it in a beaker of water and warm it very slowly, stirring the water 
with the thermometer. Note the temperature at which the substance 
begins to be transparent, and then let the water cool, and note the tem- 
perature at which the substance begins to become opaque. The mean of 
these two temperatures is the melting point. Repeat the observations 
twice, tabulating the three sets, and take the mean of the three results. 

103. The Laws of Fusion. — a. The facts relating to fusion 
may be summed up in the following laws : 

1. A fusible solid begins to melt aJt a definite temperature, 
always the same, for the same substance, if the pressure is 
constant. 1 

Thus the melting point of ice is 0° C. ; of white wax, 65° C. ; 
of cast iron, about 1200° C. ; of mercury, — 39° C. ; of alcohol, 
- 130° C. 

2. The temperature of a substance remains unchanged while 
it is melting, but the volume changes. Most substances expand 
while melting. 

1 The effect of pressure is slight. Thus the pressure of an atmosphere will 
raise the melting point of ice about T i v of a degree Centigrade. 
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Thus ice at 0° C, when melted slowly, becomes water, which 
is also at 0° C. All the heat absorbed by the solid is used to 
produce the liquid state. The heat that is absorbed by a body 
without any change in temperature is called latent heat. 

3. Each substance requires a definite quantity of heat per unit 
mass to hold it in the liquid state. During fusion this quantity 
is absorbed, and when the liquid solidifies, the same quantity is 
given out. 

Thus every gram of ice at 0° C. takes 80 calories of heat to 
melt it without warming it at all, and when the water freezes, 
every gram of it gives out 80 calories, to whatever it touches, 
without becoming colder. The latent heat of water is 80 units 
of heat per unit mass. 

Water = ice -4- 80 calories of heat per gram. 1 

b. Water by melting or freezing lowers or raises the tem- 
perature of adjacent bodies. For example : 

A block of 50 pounds of ice, while melting in an ice box, 
absorbs 80x50=4000 English units of heat from the interior. 
The loss of so much heat would reduce the temperature of 100 
pounds of butter (sp. heat = .918) from 85° F. to about 41° F., 
far below its melting point. In this way perishable articles 
are protected from the injurious effects of summer heat. 

Again, vegetables freeze at a little below the temperature of 
freezing water. Hence a pan of water in a cellar will protect 
such articles from frost. Thus if 100 kg. of water at 20° C. in 
a shallow pan should freeze solid, it would yield heat enough 
to keep the air of a small cellar above 0° C. for a considerable 
time. The truth of this is shown as follows : 

100,000 g. of water from 20° to 0° yield 2,000,000 calories. 
100,000 g. of water at 0° to ice yield 8,000,000 calories. 



*Or water = ice + 80 X 42,000,000 ergs of potential energy per gram (§ 92, c, 
footnote) . 
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Hence the water would give 10,000,000 calories of heat to the 
cellar and its contents. 

c. Freezing mixtures owe their cold to the liquefaction of 
their constituents. By the mutual action of ice and salt both 
are changed from the solid to the liquid state, and the heat 
required to do this is taken partly from their own substance 
and partly from whatever else may be in contact with them. 
Thus the mixture of crushed ice with about one half its mass 
of common salt, used in the ice-cream freezer, lowers the tem- 
perature of cream below its freezing point. 

A similar effect is produced when salt is sprinkled on ice 
upon doorsteps and sidewalks, to melt it. The ice is melted, 
but the step or walk is made extremely cold, and chills the 
feet that press upon it. 

104. Studies. — 1. Why do the feet become colder in walking over 
paths covered with melting snow than over the same paths covered with 
freezing water, or ice below its melting point ? 

2. Why does freezing weather come earlier in the season to places far 
inland than to those bordering lakes and oceans ? 

3. Why should the water pipes in houses be protected in winter from 
temperatures below 0° C, or be left unfilled ? 

EFFECTS OF HE AT — VAPORIZATION. 

105. Vaporization. — a. Vaporization is the change of a sub- 
stance from the liquid or solid to the gaseous state. 

Vaporization is called boiling or ebullition if a liquid is agi- 
tated by bubbles of its own vapor produced by heat. It is 
called evaporation if a liquid becomes a gas without any agita- 
tion by bubbles, as alcohol and water do, when left in an open 
vessel. It is called sublimation if a solid becomes a gas without 
melting, as camphor and iodine do when gently heated. 

b. The reverse change — the change of a gas to the liquid 
state — is called liquefaction of gases, or condensation. 

106. Ebullition. — a. Three important facts relating to boil- 
ing must be considered : 
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1. The change in volume which takes place. 

2. The temperature at which it occurs. 

3. The quantity of energy expended to produce it. 

b. Whenever a liquid is changed into gas there is a sudden 
and very large expansion. Of course the amount of expansion 
will depend on the pressure under which the change occurs 
(§ 84, a), but under ordinary atmospheric pressure, 1 cc. of 
water becomes about 1650 cc. of steam. No other liquid ex- 
pands st> much. Alcohol yields only about 528 times its own 
volume of vapor. 

c. The temperature at which a liquid boils under the stand- 
ard pressure — 76 cm. of mercury — is its boiling point. 

Experiment 70. — Object. To find the boiling point of a liquid. 

Fit up the apparatus (Fig. 130). A wide test tube, containing 10 cc. or 
15 cc. of the liquid, is closed by a doubly perforated cork, with an elbow 
tube in one hole and a thermometer in the other. The bulb of 
the thermometer should be 2 cm. or 3 cm. above the surface 
of the liquid. 

Boil the liquid by inserting the test tube in a beaker of an- 
other liquid, whose boiling point is higher than its own. 1 For 
liquids boiling below 100° C, water will do; for water, linseed 
oil may be used. Heat the bath gradually, and when the vapor 
issues freely from the elbow, read the thermometer. The 
observed boiling point, thus found, must be corrected for press- 
ure (Experiment 60). Hence, read the barometer, and for 
every .1 cm. above or below the standard 76 cm., reckon .0373° 
C. This correction must be added, if the pressure is below 76 
cm., and subtracted if it is above. 

d. Since the temperature of a liquid does not rise during 
ebullition, it is evident that the heat received is all expended 
in converting the liquid into gas. 

Experiment 71. — Object. To find the quantity of heat expended in 
changing 1 g. water at 100° C. into steam at 100° C. (latent heat of steam). 

One method is founded on the fact that the condensation of steam to 
water restores the heat which produced the steam. Hence, if steam is 

1 Combustible liquids, like alcohol and ether, must be heated at considerable 
distances from flame, else the vapor may take fire. 
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condensed in cold water, the water will be warmed, and if we measure 
the heat which the water receives, we find that which was expended in 
changing the water into steam. 

The apparatus is represented in Fig. 131. About 150 cc. of water is 
to be boiled in the small flask F. The steam is to be led over into cold 
water in a calorimeter (Fig. 124) represented by 
c, which will condense it and be warmed by its 
latent heat. But some steam must be con- 
densed along the way, and to keep the hot water 
thus formed from going into c with the steam, it 
is to be caught in a u trap/ 1 1. A side-neck test 
tube may be used for this purpose. 

Operations. Set up the apparatus as shown, 
leaving the calorimeter out. Apply a gentle heat 
to F y and then proceed to fix the calorimeter. 
Find its mass. Add about 200 cc. of cold water, 
and find the mass of both. After steam has 
issued freely from the elbow of the trap t a little 
while, take the temperature of the water in the 
calorimeter, and at once insert the elbow tube as shown in the cut. Stir 
the water with the thermometer, and when its temperature has risen 
about 20° C. or 30° C, remove the elbow tube, and read the temperature 
quickly. Finally, find the mass of the calorimeter and water. The 
increase of mass is the mass of the steam which has been condensed. 

The following example shows the notes and computations of an 
experiment : 




Fig:. i3i. 



Mass of the calorimeter (copper) . . 

Mass of the calorimeter and cold water 
.'. Mass of the cold water 

Water value of calorimeter (44 x .095) 

Temperature of cold water .... 

Temperature of warmed water . . . 
.'. Temperature change in cold water . . 

Mass of calorimeter and warm water . 
.'. Mass of steam condensed 



44.00 g. 

250.00 g. 

206.00 g. 

4.18 g. 

17° C. 

44° C. 



}- 



210.18 g. 



= 27° C. 



259.56 g. 

... = 9.56 g. 

It appears that 9.56 g. of steam, in condensing to water and then cool- 
ing 66° C. (100 — 44), yields enough heat to raise the temperature of 
210.18 g. of water from 17° C. to 44° C, or 27° C. Hence : 

Heat received by the cold water = 210.18 x 27 = 5674.86 ca. 

Heat derived from the 9.66 g. warm water = 9.56 x 56 = 535.36 ca. 

.". Heat derived from the 9.56 g. steam = 6674.86 - 635.36 = 6139.60 ca. 

Heat derived from 1 g. steam = 537.60 ca. 
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Hence 537.6 ca. are expended to change each gram of water at 100° C. 
into steam at 100° C. But there were sources of error in this experiment. 
The masses were not true beyond the .01 g., the temperatures were not 
true to less than 1°, and there were some losses by radiation and absorp- 
tion. According to Andrews, the true value of the latent heat of steam 
is 535.9 gram-degrees. Its approximate value is 536 grain-degrees. 

e. The purification of liquids is accomplished by distillar 
tion, which consists in boiling them and carrying their vapors 
over into clean receivers, where they are condensed. The 
vapors leave the boiler at their boiling points; while solids, 
or other liquids with higher boiling points, are left in the 
boiler. 

/. The heating of houses by steam is accomplished by con- 
densing steam in clusters of pipes — " radiators " — located in 
the several rooms. The apparatus consists of a boiler and 
furnace, from which main pipes lead steam to distant points, 
and branches carry it to the radiators. The steam condenses 
in these radiators, and gives up to them all its latent heat. 
The water then flows back to the boiler. 

107. The Laws of Ebullition. — The facts relating to boiling 
may be summed up in the following laws : 

1. A liquid begins to boil at a definite temperature, always the 
same for the same liquid under the same conditions. 

2. The boiling point rises if the pressure is increased. 

3. The boiling point is raised by solids and loivered by gases 
dissolved in the liquid. 

4. Tlie boiling point in different vessels *is not the same. It 
is higher as the adhesion (§ 47, b) between the liquid and the sub- 
stance of the vessel is greater. 

5. While a liquid boils, no change in temperature occurs, but 
expansion is very great. 

6. Substances require different quantities of heat to hold them 
in the gaseous state under the same conditions. Each absorbs its 
own quantity when it boils, and when its vapor condenses, the 
same quantity is given off. 
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Thus the latent heat of steam is about 536 ca. per gram; 
of alcohol, 202.4; of ether, 90.4. 

108. Evaporation. — a. A liquid evaporates (§ 105, a) at all 
temperatures between its freezing and boiling points, but more 
rapidly as the temperature rises. The evaporation is due to 
the ceaseless activity of the molecules of the liquid (§ 31, e), 
and to the fact that their energy is greater than that of the 
air molecules with which they are in contact. 

6. Evaporation takes place from the surface of a liquid. 
This is so because the molecules at the surface are impeded 
only by molecules of air, whose energy is less, while in the 
interior they impede and neutralize the motions of one another. 
Therefore, the rate of evaporation depends on the extent of 
surface exposed. On this account the evaporation of brine in 
the manufacture of salt, and of the sap of the maple tree, or 
the juice of the cane, in the manufacture of sugar, is carried 
on in large shallow pans. 

c. Evaporation is retarded by pressure. A liquid evapo- 
rates more rapidly when the atmospheric pressure is less, and 
still more rapidly if the pressure is reduced by removing the 
air by means of an air pump. Hence vacuum pans are used 
for the concentration of sirups, especially such as are easily 
burned, since rapid evaporation is thereby secured at lower 
temperature. 

d. Evaporation of water is retarded by water vapor already 
in the air. It is so because the water molecules in the air, 
darting in all directions, return to the liquid in great numbers. 
On this account a current of air over the surface of a liquid 
hastens evaporation. It is well known that a muddy street 
dries more quickly when the wind blows. 

e. Evaporation reduces temperature. Moisten one finger, and 
wave the hand in the air. That finger becomes colder than the 
others. The water takes heat from the finger at the rate of 
536 calories per gram to vaporize it (Experiment 71). 
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By the rapid evaporation of liquids with low boiling points, 
the most intense cold has been obtained. Artificial ice is 
made by evaporating liquid ammonia in ice machines. 

100. Studies. — 1. A dampened sheet hung in a warm room will cool 
the air. Explain the fact. 

2. If a gallon of water is to be boiled at the lowest possible tempera- 
ture, will you select a tall and narrow, or a low and broad, vessel for the 
purpose ? Explain. 

3. It is found that the boiling point of water is about 1° C. lower for 
every 295 m. ascent above sea level ; how will you account for this ? 

Compute the elevation of Quito, where the average boiling point of 
water is 90.1° C. 

4. How much heat per minute can be given out by a radiator in which 
100 g. of steam, at 100° C, is condensed to water every second, and 
leaves the radiator at 80° C. ? 

6. If the room to be warmed by this radiator measures 5x5x3m., the 
density of the air at 0° C. is 1.3 g. per liter, the specific heat of air, .237 ; 
and if only -fa of the heat goes to warm the air, — the rest going to the 
walls and furniture, — what is the rise of temperature of the air per 
minute ? 

0. How many grams of water, at 100° C. , would fill the same space as 
the 100 g. of steam at 100° C. ? If this quantity leaves a radiator every 
minute at 80° C, how much heat does it give out per minute ? 
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110. Vibration. — a. We have seen that if an elastic body is 
strained, but not too much, it will recover its normal size or 
shape when the stress is removed (§ 45, a, b). But this is only 
a part of the truth. The energy which strains the body is not 
exhausted by a single recovery, but by a 
series of strains and recoveries. While 
these last, the body is said to vibrate. 

b. If a small mass, c, is hung on the 
end of a spiral spring, ab (Fig. 132), then 
pulled down a little way and let go, the 
spring will be shortened and lengthened 
many times before it comes to rest. Try 
it. If we cause a long pendulum, op, to 
swing in a small arc, and compare the 
motions of c and p 9 we find them to be 
alike in one respect: In each case the 
motion is alternately in opposite directions 
through the place where the body rests when 
there is no stress upon it. Such motion 
is called vibration. It is also called 
oscillation. 

Notice that the hook, b, also vibrates. In fact, all parts of 
the spring, from a to c, are vibrating together. The same is 
true of all parts of the pendulum from a to p. 

c. The vibration of the spring may be explained as follows : 
The energy expended to depress c becomes potential in the 




Fig:. 133. 



§ 110.] VIBRATIONS. 203 

stretched spring. When the elastic spring recovers from the 
strain, this energy becomes kinetic. When it reaches its posi- 
tion of rest, this kinetic energy drives it onward, and the 
spring is again compressed, while the energy becomes poten- 
tial. As the spring recovers from the new strain, the energy 
again becomes kinetic, drives its parts beyond their rest points, 
and in so doing, becomes potential again. These alternations 
between potential and kinetic energy, with the alternate strain 
in opposite directions, continue until the energy is exhausted. 
What becomes of it ? A part is given to the air, and another 
part, which is absorbed by the molecules of the spring, becomes 
heat (§ 90, e). In bodies of little elasticity, the energy be- 
comes heat rapidly, and vibration dies out quickly. 

d. The vibrations of a cord may be illustrated as follows : 
Stretch a cord between two fixed points, about 1 m. apart. 
Strain this cord by pulling its middle point to one side, and 




Fig. 133. 

then release it. You should see (Fig. 133) that every part 
of the cord vibrates, though not all with the same amplitude, 
and be able to trace the alternations between potential and 
kinetic energy. 

e. Notice this difference in the directions of the vibration 
described in paragraphs b and d. The motion of every part of 
the cord is at right angles to its length, that of every part 
of the spring (not of the wire) is in the direction of its length. 
This important difference is found in the vibrations of other 
bodies. Vibrations at right angles to the length of a vibra- 
ting body are called transverse vibrations. Vibrations in the 
direction of the length of the body are called longitudinal 
vibrations. 
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Experiment 79. — Object. To study vibration by means of a conical 
pendulum, and to represent the observed facts by a diagram. 

A conical pendulum is a pendulum whose bob swings in the circum- 
ference of a circle. 

1. Suspend a ball by a thread, which should be as long as practicable. 
Make it swing in a small circle, and count its rounds per minute. Make 
it swing in the diameter of the circle, — that is, as a common pendulum, 
— and count the complete vibrations (§ 69, b) per minute. Compare the 
two numbers. 

Make the bob swing in a small circle. Stand a considerable distance 
away and put the eye on a level with the bob. Observe that it now ap- 
pears to swing to and fro in a straight line, which is the diameter of the 
circle in which it moves. Notice also that 
the speed of the. bob in the circle is uniform, 
but that it appears to increase and diminish 
alternately in the straight line. 

2. Next represent the observed facts by a 
-]e diagram (Fig. 134). Draw a circle for the 
path of the pendulum bob, and a diameter 
for its apparent straight-line path. Mark on 
the half circumference an even number of 
equidistant points, 1, 2, 3, etc.; drop dotted 
perpendiculars from these to the diameter, 
and produce them to the circumference be- 
yond. The points show the places of the bob at equal intervals of time 
during one round, and the feet of the perpendiculars 6, c, d, e, /, 6, and 
back to A, show the apparent places on the straight line at the same 
equal intervals during one complete swing. 
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/. The apparent motion of the pendulum bob, back and 
forth, in the path A 6 is an illustration of what is called 
simple harmonic motion. It is a motion to and fro, in a 
straight line, with uniform acceleration, which is alternately 
positive and negative (§ 55, c). 

111. The time between two successive passages of the vibrat- 
ing body through any point in the same direction, is the period. 

The distance from the point of rest to either end of the 
swing is the amplitude. 

The number of complete vibrations in a second is the vibra- 
tion rate or frequency. 
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If we divide the period of a simple harmonic motion into 
any number of equal intervals, each one of these fractional 
parts is & phase. 

We can represent this division by drawing a circle whose 
radius is equal to the amplitude, dividing the circumference 
into equal parts, and joining corresponding points by lines at 
right angles to the line of swing. The pendulum then com- 
pletes one phase as it passes each of these lines. 

Thus in Fig. 134 the time to go A-*- 6-*- A is divided into 
12 equal intervals. We count these from d, or the middle 
point of the swing. When the body is at e, and going to 
the right, its phase is -^ ; at 6 its phase is -^ ; at c, going 
to the left, it is fa If the phase is |£, the body is at c, 
going to the right, because, if you count twelfths, beginning 
at d and following the swing to the right, and back and forth, c 
is found to be the eleventh point. Thus the phase describes 
both the place and the direction of a body which is in simple 
harmonic motion. 

112. The Transmission of a Simple Harmonic Motion. — a. If 
a piece of soft rope, such as clothesline, about 2 m. long, 
lying straight on a table or floor, be moved at one end trans- 




Fig. 135. 

versely (§ 110, e) with the hand, back and forth, the rope will 
quickly be thrown into a series of curved forms (Fig. 135). 
Try it. You should see that the motion of the rope begins at 
the hand and runs to the other end ; that each part of the rope 
in succession executes a transverse simple harmonic motion 
like that of the hand. Compare this with the vibration of the 
cord described in § 110, d. 
b. A diagram of the facts will show just how the motion is 
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transmitted by the rope. In Fig. 136, dd represents the rope 
lying straight, A 6 the path of the hand in its simple harmonic 
motion, and b, c, d, etc., its phases in 
twelfths of a period. As the hand 
swings, the disturbance of the rope 
goes along its length, and the dots h, i, 
j, etc., show how far the motion extends 
while the hand passes from phase to 
phase. Let the hand start from d 
toward 6. When the end of the rope, 
d, reaches e, h is just ready to start. 
When d is at/, h is on the line ee, and 
i is just ready to start. When d is at 
6, h is on line ff, i on line ee, and j is 
just ready to start. When d has re- 
turned to /, h is on line 6, i on line ff, 
j on line ee, and k is just ready to 
start. In this way go on finding the 
position of the points of the rope, and 
the progress of the disturbance, until 
the hand has made a complete vibra- 
tion. The dotted curve shows the 
facts at the moment when the hand 
has made 1£ complete vibrations. 

c. Mark well this fact: Every one 
of these points on the rope executes 
a S. H. M. 1 between the lines A and 6, 
each lagging behind the one before it 
by just ^ of a period. 

S. H. M. may be transmitted through 
The successive por- 
tions take energy, each from that before it, and execute a 




\ 



Fig. 136. 

all elastic media in a similar way 



* S. H. M. is the abbreviation for "simple harmonic motion." It should 
always be read in full. Bead it " simple harmonic motion/' not " S. H. M." 
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S. H. M., lagging behind one another by an equal difference of 
phase. 

d. The curved forms of the rope, or, in any case, the strained 
forms of a medium while it is transmitting S. H. M. } are called 
waves. 

The distance from any particle to the next one which is 
in the same phase is one wave length. Thus from d to s is a 
wave length ; so is the distance ht, or jv, or my. How many 
wave lengths are shown in the diagram ? 

Wave length may be also defined as the distance which the 
energy travels in a medium while the body which starts it 
is making one complete vibration. Notice that the diagram 
shows this. 

The wave rate, or wave frequency, is the number of waves 
that pass a given point in a unit of time. It is equal to the 
vibration rate (§ 111) which produces the waves. 

113. Classes of Waves, —a. Waves of all kinds are alike in 
this : They proceed in straight lines from their starting points, 
outward through the medium, in all possible directions. But 
the S. H. M. of the particles of the medium in different kinds 
of waves differ ; in some cases it is at right angles to the direc- 
tion of the wave, in other cases it is in the same direction 
as the wave. 

b. RT (Fig. 137) represents the rope waves described in the 
previous section (112). Starting from R, they flow toward T, 
—the only possible direction for them to go in the linear body. 
But the S. H. M. of every part is at right angles to that direc- 
tion, as it is represented by the double-headed arrow. Waves 
like these, in which the S. H. M. is at right angles to the 
direction of the waves, are called transverse waves. Each wave 
length includes a crest and a trough. 

c. WT represents a section of water waves, such as are pro- 
duced by the fall of a water drop or pebble upon the smooth 
surface of still water. Starting from W, the waves roll out- 
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ward, not only toward T, but in all directions over the surface 
of the water, in concentric circles. But the S. H. M. of every 
part is in a vertical plane. Hence the water wave is a trans- 
verse wave. On closer study, it is found that the particles 
do not rise and fall in straight lines. Each describes an 




Flff. 137. 

ellipse (as shown near T) ; or, if the amplitude is small, a circle, 
whose diameter is the vertical distance between the top of the 
crest and the bottom of the furrow. Such waves are called 
circular waves. Each wave length includes an elevation and a 
depression. It should be noticed that the fall and rise of the 
water in the wave is due to gravity, and the inertia of the water. 
d. AT represents a section of air waves. Starting from 
A, they roll outward toward T, and in all other directions 
through the air. They consist of concentric shells of alter- 
nately condensed and rarefied air. But the S. H. M. of the 
air particles is everywhere in the same direction as the wave 
itself. Each wave length includes a condensation and a rare- 
faction. Waves like these, in which the S. H. M. of the parti- 
cles of the medium is in the same direction as the waves, are 
called longitudinal waves. It should be noticed that the spring- 
ing back and forth in the air wave is due to the elasticity of 
^Ve air, and not at all to gravity. 
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114. The Speed of Waves. — All waves which, like air waves, 
are propagated by elasticity, travel with uniform velocity, so 
long as there is no change in the properties of the medium. 
The velocity depends on two qualities of the medium; viz., 
its elasticity and its density. 

The velocity of a wave varies directly as the square root of 
the elasticity of the medium through which it passes, and inversely 
as the square root of the density. 

Sir Isaac Newton demonstrated this law, and letting v stand 
for speed, e for elasticity, d for density, and supposing each 
to be measured in its appropriate unit, the law is expressed in 
symbols by the formula 



This formula shows that whatever increases the elasticity, e, 
of any medium, must increase the speed of waves in it, because 

the fraction - is increased by increasing its numerator. What- 
d 

ever increases the density, d, of any medium must diminish 
the speed of waves in it, since the fraction - is diminished 
by increasing the denominator. 

This will also be seen from the fact that greater elasticity 
means a quicker push and recoil, while greater density means 
more mass, hence longer time to impart the energy. 

115. Studies. — 1. Cold air is denser and less elastic than warm air 
under the same barometric pressure ; on this account should an air wave 
travel with greater or less speed in early morning than at midday ? 

2. If air is confined so that it cannot expand, how will the speed of 
an air wave be affected when the air is heated ? 

3. Take the definitions of velocity (§ 10, c), wave length, and wave 
rate (§ 112, d), and show that 

velocity = wave length x wave rate. 

4. If the velocity of an air wave is 1120 feet per second, and its wave 
length is 4 feet, what is its wave rate ? 

coolby's phys. — 14 
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ORIGIN AND TRANSMISSION OF SOUND. 

116. Origin of Sound. — a. Let a small cord be stretched 
rather tightly (Fig. 133) and plucked at its middle point ; its 
vibrations can be seen, and a sound will be heard. The dif- 
ference between this cord when sounding and when silent is 
in its vibrations. 

Let a bell be struck ; the sound is heard, but no vibrations 
may be seen. Now suspend a small ivory ball or glass button, 
by a thread, to rest lightly against the edge of the bell while 
the sound is heard ; the motion and clatter of the ball will 
declare that the bell is vibrating, although it appears to be at 
rest. The difference between the bell when sounding and 
when silent is in its vibrations. 

Touch lightly one prong of a tuning fork, a guitar string, or 
a piano wire, with the suspended ball or with the finger; you 
will find that, in each case, the difference between the body 
sounding and silent is in its vibrations. 

b. This difference between sounding and silent bodies has 
been found to exist in so many instances that it is believed 
to be universal. If so, then the starting point or the origin of 
sound is the vibrations of elastic bodies, and hearing is the result 
of work done in the ear by the energy of these vibrations. 

117. The Transmission of Sound. — a. The next question is 
this : How is the sound carried from the vibrating body to the 
ear? 

It has been often shown by experiment that a vacuum 
cannot transmit sound. Thus let a bell be suspended by a 
soft cord in the receiver of an air pump (§ 85, a), and rung 
while the air is gradually taken out. The sound, at first dis- 
tinct, becomes less distinct, until it ceases. Let the air reenter 
the receiver, and the sound of the bell becomes as distinct as 
at first. It is inferred from this that the sound is carried by 
he air. 
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Bury a music box in cotton inclosed in a box; no sound 
will be heard. Pass a slender stick through a hole in the 
cover of the box, and put an empty cigar box against the outer 
end of the stick. The sound will then be distinctly heard. 

Some elastic medium between the vibrating body and the 
ear is necessary for the transmission of sound. Air is the 
usual medium, but elastic solids, all liquids, and all gases, 
transmit sound freely. Substances without much elasticity, 
such as lead and cloth, have little power to transmit sound. 

b. We have seen that a vibrating body imparts S. H. M. to 
an elastic medium (§ 112, a, 6), and this fact suggests the 
following explanation of the transmission of sound : The energy 
of the vibrations of a sonorous body is carried away by waves in 
the surrounding medium. 

Take the case of a bell. The energy expended by the ham- 
mer is imparted to the bell, and then resides in its vibrating 
parts. The energy of these vibrations is given to the air, and 
then resides in the S. H. M. of its particles, which constitutes 
waves. It passes on from one portion of air to another as the 
waves advance. If an ear is in their path, the waves roll 
against it, deliver their energy to that organ, and hearing is 
the result. 

A musical note is heard when a piano key is pressed by the 
finger ; trace the energy from the finger to the ear. 

c. Sound is the simple harmonic motion of matter which, ifsufflr 
ciently energetic, can affect the organ of hearing. This is the 
definition of sound in physics. It covers both the vibrations 
of sonorous bodies and the waves in the media which trans- 
mit them, but not the sensation in the ear. 

118. The Speed of Sound. — a. It is well known that light- 
ning and thunder are produced at the same moment, and yet 
the flash is seen before the thunder is heard. The discharge 
of a cannon in the distance can be both seen and heard, but 
the hearing lags behind the sight. The blow of a hammer at 
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a certain distance may be heard as if it were produced by the 
upward stroke against the air after the blow. Such facts show 
that sound is not transmitted instantaneously. 

b. Efforts to find the speed of sound with precision began in 
1738, and have since been made repeatedly. The following 
method of experiment has been generally adopted: The dis- 
tance between two stations is measured with great care. A 
sound and a flash of light are made at the same instant at one 
station, and observers at the other station carefully record the 
interval of time between the arrivals of the flash and the report. 
The time required for the light to make the journey is practi- 
cally zero. Hence the time between flash and report is that 
required by the sound to make the journey. The velocity is 
then computed in the usual way (§ 10, e). 

c. In the experiments made in Holland in 1822 the two 
stations were about nine miles apart. A cannon was placed 
at each station, and the two were fired at the same moment. 
Each party of observers measured the time between the flash 
and the report of the cannon at the other station. The sound 
was sent both ways in order to eliminate the effect of the wind 
by taking the average of the results. 

But there are other sources of error in the experiment. The 
temperature of the air affects its density, and therefore affects 
the speed of the sound (§ 114). Damp air is less dense than 
dry air, and you can explain how the amount of moisture in 
the air affects the speed of sound. The eye and the ear are not 
equally quick in announcing the arrival of flash and report. 

When these sources of error have been taken into account, 
the final results of the best experiments show that the speed of 
sound in air at 0° C. is 332 m., or about 1090 feet, per second. 
For every degree above 0° C, .6 meters, or about 2 feet, must 
be added. The velocity of sound is independent of barometric 
pressure, since pressure changes d and e (§ 114) in the same 

^.tio. 
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Example. — One day, when the temperature was 30° C, I counted 6 
seconds between a lightning flash and the thunder ; how far away did 
the lightning occur ? 

d. Gases differ in density, but not in elasticity so long as 
temperature and pressure are the same. Hence the speed of 
sound in other gases may be computed from that in air accord- 
ing to the law (§ 114). Thus the density of oxygen is 1.1 times 
that of air. Hence sound travels in oxygen at the rate of 
332 -j- VI3 = 317.5, meters per second. 

6. The speed of sound in water was measured in 1826 in the 
following way: Two boats were moored 13,500 m. apart on 
the Swiss lake, Geneva. One carried a large bell which was 
rung under water by means of a lever, and this lever ignited a 
little gunpowder in the air above at the same instant. In the 
other boat an observer, holding an ear trumpet with its mouth 
under water, noted the time between seeing the flash and hear- 
ing the stroke. The speed was found to be 1435 m. per second 
at 8.1° C. In other liquids the speed differs according to the 
general law. 

/. The speed of sound in solids is also much greater than in 
air. Thus in iron at 0° C. it is 5127 m., in lead 1228 m., and 
in pine wood it is 3322 m. per second. 

119. Studies. —1. The speed of a rifle bullet is about 1330 feet per 
second ; which will reach a deer first, the report of the rifle or a well- 
aimed bullet, when the temperature of the air is 80° F. ? 

2. There is a reason why sound should travel faster on the summits of 
high mountains than at their bases ; what is it ? There is also a reason 
why it should not ; what is it ? 

3. If a tube connects the distant parts of a large building, words 
spoken into one end can be distinctly heard at the other. Tubes used in 
this way are called speaking tubes. Explain the transmission of the 
voice. Can you give the reason why the sound is louder than if made in 
the open air ? 

120. The Reflection of Waves. — a. We have seen that a wave 
goes in straight lines in all directions from its starting point. 
We are now to see what happens when it meets an obstacle. 
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Experiment 78. — Object* To study reflection by means of water 
waves, and to represent the observed facts by diagram. (To become 
acquainted with terms and definitions.) 

1. Cover the bottom of a white porcelain plate with water. Let a 
single drop fall upon the surface at the center, and watch the waves that 
roll away to the edge of the plate and then back to their starting point. 
Disturb the water at some point on one side of the center, and see the 
waves return from the edge of the plate to a point just as far on the oppo- 
site side of the center. 

In a similar way waves of all kinds are turned back, or, as it is called, 
reflected, when they encounter a medium whose density is not the same 
as that of the medium in which they are going. 

2. In order to make a more careful study of reflection, repeat the 
experiment, watch the motion of the water intently, and diagram what 
you see as follows : 

Represent the edge of the water in the plate by a circle. Choose two 
points, one below the center to represent the starting point, and one just 
as far above to represent the returning point of the waves. Represent 
the direction of one particular point in the wave by a straight line from 
the starting point to the circumference, and the direction of the same 
point in the returning wave by a line back to the returning point 

b. The experiment and diagram illustrate the following defi- 
nitions : Waves going toward the reflecting surface are incident 
waves. Waves returning from the reflecting surface are reflected 
toaves. 

The point on the reflecting surface where any point on the 
front of an incident wave touches it is the point of incidence. 

Draw from the center of the circle in the diagram, made as 
described above, a dotted line to the point of incidence. This 
radius is perpendicular to the circumference, and the angle 
between the normal to the reflecting surface (this dotted line) 
and the direction of the incident wave is called the angle of 
incidence. The angle between the normal and the direction of 
the reflected wave is called the angle of reflection. 

c. The experiment and diagram just made illustrate also the 
following law of reflection : 

The angles of incidence and reflection are equal and in the 
me plane. 
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121. Reflection of Sound. — a. If hearing is due to the energy 
of sound waves, how is it affected by their reflection ? This 
question is answered by a study of the echo. 

One may hear a syllable of his own voice thrown back to 
him by a wall, if he stands far enough away and in a line which 
is normal to the surface of the wall. And he 
may hear any other sound, if the air waves from 
its source go obliquely against the wall, and if his 
ear is far enough away in the path of the reflected 
waves. To explain this fact, let S (Fig. 138) repre- 
sent the source of a sound, i represent the point 
of incidence on the wall, E represent the ear, 
which may receive the sound directly from S, and 
also its echo, which is the sound reflected from 
the wall at i according to the l^w (§ 120, c). The 
echo has farther to go and is heard later. 

6. How far away must the reflecting surface be ? The ear 
holds the sensation of sound about ^ of a second after it is 
made ; hence one hears his own voice for ^ of a second after 
he has spoken. 

The sound must take a little more than ^ of a second to go 
to the wall and back, in order that the echo of a single syllable 
may be heard by the speaker as a separate sound. But in ^ 
of a second, sound goes about 112 feet; hence the wall must 
be at least 56 feet away. In general, the distance from the 
source of the sound, by way of the reflecting surface, must be 
at least 112 feet greater than the direct line from the source to 
the ear. If the difference in paths is less than that, the sound 
and its echo are blended. 

Try the reflection of sound as follows : Place a smooth board 
edgewise on the table. Lay a long piece of tubing in a line 
Si, and have a watch held against its open end, S. Lay 
another piece of tubing in a line iE, and place the ear at the 
open end, 2J, Vary the angles, 
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122. The Length of a Sound Wave. — a. A simple continu- 
ous sound, like that of a tuning fork, consists of a series of 
air waves following each other rapidly at regular intervals of 
time. These waves consist of alternate condensations and 
rarefactions of the air. The distance between the like phases 
(§ 111) of two consecutive waves is called the wave length of the 
sound. It may be measured from the beginning of one con- 
densation to the beginning of the next, or from the middle of 
one condensation to the middle of the next, or from any other 
point in one condensation or rarefaction to the corresponding 
point in the next. 

b. Suppose a tuning fork of 435 vibrations per second to 
remain vibrating just one second. In that time 435 waves 
will have left the fork. At 0° C. the sound travels with a 
speed of 332 m. per second (§ 118, c). Then the first one of the 
435 waves will be 332 m. from the fork at the end of a second, 
and there will be 435 waves in the 332 m. The length of one 
wave, in this case, is 33,200 -*- 435, or about 76.32, cm. In all 
cases: 

Wave length = velocity of sound 

vibration rate of sounding body 

Example. — If the "middle C " wire of a piano vibrate at the rate of 
261 per second, what would be the wave length of the sound it emits at a 
temperature of 18° C. ? 

SYMPATHETIC VIBRATIONS AND RESONANCE. 

123. Sympathetic and Forced Vibrations. — a. Under certain 
conditions vibrations may be communicated to a body by well- 
timed repetitions of feeble impulses, instead of by a single 
energetic push or pull. 

Experiment 74. — Object. To set a heavy pendulum vibrating with 
large amplitude by well-timed, feeble impulses. 

Attach a fine silk thread to a heavy pendulum (Fig. 22). Grasp the 
other end of the thread and pull gently enough not to break it, and then 
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relax. Do this repeatedly, timing the hand so that the pulls occur only 
when the pendulum is beginning its swing toward the hand. 

Try again by timing the pulls irregularly. 

The vibration rate of the hand must be the same as that of the pen- 
dulum. 

b. A body is moved through a very small arc by the energy 
of one of the feeble impulses, but it returns just in time, to 
receive the next, which makes the second swing greater than 
the first. At the end of the second swing another impulse is 
added, and, in this way, the energy of successive impulses is 
accumulated, thus increasing the amplitude. 

But in case the impulses are not timed to agree with the 
vibration rate of the body, the energy of one is received by 
the body sometimes at one end of its arc and sometimes at 
other points, thus promoting the swing at one time and oppos- 
ing it at another. 

The vibrations imparted to one body by another having the 
same vibration rate are called sympathetic vibrations. 

c. The law of sympathetic vibrations can be stated as fol- 
lows : The vibrations of one body are freely imparted to another 
on condition that the vibration rates of the two are equal. 

124. Reinforcement of Sound. — a. If a vibrating tuning fork 
is held in the hand, its sound is scarcely audible, but let its 
stem be firmly pressed upon the table, and its sound is heard 
distinctly. The sound of the fork is reinforced by the sym- 
pathetic vibrations of the table. 

b. The explanation is as follows : When a small mass of 
air vibrates, the energy of the condensations and rarefactions 
may not be able to affect the ear. This is the case with the 
vibrating tuning fork. Its prongs, having small areas, pro- 
duce feeble air waves. But when its stem is pressed upon the 
table, it forces vibrations in the table top, and the air waves 
produced by the vibrations in the table are added to those of 
the fork. In this way air waves are produced with energy 
enough to affect the ear. 
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But the vibration rate of the table is not the same as that of 
the fork whose sound it reinforces. This would seem to con- 
flict with the law (§ 123, c). There is, however, no real conflict 
The table does not vibrate as a whole ; it vibrates in small 
portions, each of which has the same rate as the fork. 

c. Sympathetic vibrations play a very important part in the 
production of sound by musical instruments. Piano wires, for 
example, are stretched over a sounding board which reinforces 
their sounds. Otherwise they would be almost inaudible. 

125. Resonance. — a. The reinforcement of a sound by the 
sympathetic vibrations it produces in a neighboring body is 
called resonance, and a body which has been carefully con- 
structed to have the same rate as another whose sound it is 
intended to reenforce, is called a resonator. 

6. The sound of a tuning fork may be strengthened by an 
air column which has the right size to have the same vibration 
rate. This is shown by the following experiment : 

Experiment 75. — Hold the prongs of a vibrating fork with their 
plane vertical (Fig. 139) over the mouth of a cylindrical jar about two 
inches in diameter, while you pour water in slowly, let- 
ting it run down the wall so that it will not splash. As 
the air column becomes shorter, the sound becomes louder, 
until a certain length is reached. After this the sound 
grows weaker as the column shortens. 

c. We explain the action in this way. When 
the prong of the fork swings from a to b, it con- 
denses the air in the jar. When it swings back, 
from b to a, it condenses the air outside. The 
condensation in the jar goes down to the bottom, 
Fi K . 139. ig reflected (§ 12 i) ) an d returns to the mouth. 

If the distance BC is just right, the condensation will go to 
the bottom and back while the prong is going from a to 6, and 
be just in time to combine with the condensation produced out- 
side by the prong as it goes from b to a. 
In the same way, a rarefaction goes to the bottom and back 
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to the mouth of the jar, while the prong is going from 6 to a, 
and arrives just in time to combine with the rarefaction out- 
side, produced by the prong in its motion from a to 6. Thus 
the condensations and rarefactions of the air column reenforce 
those produced outside by the fork, and so strengthen the 
sound. 

But when the air column is a little longer or shorter, the 
reflected waves do not reach the mouth of the jar at the right 
time to combine with those produced outside" by the fork. 
Therefore the sound is not strengthened. 

126. Relation between the Lengths of the Air Column and the 
Sound Wave it reenforces. — a. This relation may be seen as 
follows : The motion of the prong of the fork from a to & is a 
single vibration (§ 69, b). The condensation produced travels 
from B to C and back, -or twice the length of the air column, 
during that half vibration. Hence the air column is one half 
the length of a condensation, and therefore one fourth the 
length of a sound wave. 

In general : A resonant air column, with one end fixed, as by 
the bottom of a jar or the end of a closed tube, is one fourth 
the length of the sound wave which it reenforces. 

b. It is found by experiment that the length of the air 
column is not exactly what this principle requires. The diam- 
eter of the tube makes some difference. If the tube is wider, 
the resonant air column is shorter. So that in the case of 
cylindrical tubes, two fifths of the diameter must be added to 
the length to obtain the one-fourth length of the sound wave. 

c. We are now prepared to find the wave length of a sound ; 
for, if we can measure the length, I, and diameter, d, of its 
resonant air column, we shall have wave length = 4 (I + £ d). 

Experiment 76. — Object. To find the wave length of the sound of a 
toning fork by the resonance of a closed tube. 

If an open tube be inserted in a jar of water (Fig. 140), the length of 
the air column within may be varied at will by lowering or raising it. 
The tube may be of glass or metal, about 60 cm. long, and about 4 cm. 
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in diameter. A 20-inch length of large size " speaking tube " is suitable. 
The vibrating prongs of the fork should be held in a 
vertical plane, and as near the end of the tube as may 
be without touching. A c fork, whose vibration rate 
is 128, is suitable. 

The variation in the sound should be observed 
both when the tube is lowered and when it is raised, 
until the point of greatest loudness is found with 
certainty. The length of the air column should then 
be measured to the nearest .1 cm. This measure- 
ment is made easier if a meter scale is bound 
alongside the tube. The observations should be re- 
peated several times. 
Fig;. 140. Note the measurements as follows : 




Diameter of the tube 

First measurement of length of air column 
Second measurement of length of air column 
Third measurement of length of air column 
Temperature of the room 



-cm. 
- cm. 
-cm. 
• cm. 
C. 



Compute the mean of the observed lengths, and correct it for diameter. 
Then compute the wave length of the sound. 

d. We have seen (§ 118, c) that the speed of sound in air at 
0° C. is 332 m. per second, and increases about .6 m. for each de- 
gree of rise of temperature. Now remembering (§ 122, 6) that 

Velocity ibration 

Wave length 

we may find the rate of the fork, or the wave frequency of a 
sound (§ 112, c), if its wave length is known. What is the 
computed frequency of the fork used in the foregoing experi- 
ment? 

e. The vibration frequency of the fork may be marked upon 
its stem. If so, assume it to be correct, and compute the 
speed of sound in the air at the time the experiment was 
made. 

127. Relation between Wave Length and the Length of an Open 
Tube. — a. The air in a tube open at both ends will reinforce 
the sound of a tuning fork, but the tube must be longer than 
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if it were closed at one end. In fact, it must be twice as 
long. 

Experiment 77. — Object. To find the relation between the length of 
an open tube and the wave length of the sound which it reenforces. 

Fix the tube used in the preceding experiment in a horizontal position 
(Fig. 141). Roll a sheet of paper 
upon it just so tightly that it may 
slide with little friction, and bind it 
with a few turns of small twine. 
The length of the tube may be varied 
at will by sliding this paper cylinder. 
Hold the vibrating fork used in the 
preceding experiment, close to the 
mouth of the tube, and observe 
the variation in the sound as you 
gradually lengthen the tube. Con- *' 

tinue to vary the length until the maximum loudness is obtained with 
certainty. Then measure the length of the tube accurately, and compare 
it with the length of the closed tube which reenforced the same sound 
(§ 125, 6). It should be twice as long. But the same sound has the 
same wave length ; hence the length of the tube and the air column 
within is one-half the wave length of the sound. 

b. The explanation of the difference between this and the 
former case is not hard to find. The condensation which is 
reflected from the end of a closed tube passes out into open 
air at the end of an open tube, and a rarefaction is reflected 
instead ; so that an open tube must be the length of a whole 
condensation. The air within the tube is alternately the full 
length of a condensation and a rarefaction, and hence one half 
the wave length of the sound. 

In general, an open tube is one half the wave length of the sound 
which it emits or reenforces. 



MUSICAL SOUNDS. 

128. Musical Sounds. — a. A musical sound is one whose 
effect in the ear is continuous and agreeable. It consists of 
simple harmonic motions, which reach the ear in rapid succes- 
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sion and with regularity. The waves enter the ear so rapidly 
that no interval of time can be detected between them ; this 
makes the hearing continuous. They are periodic ; this makes 
the hearing agreeable. 

b. Musical sounds differ in pitch; this difference enables us 
to distinguish sounds as high or low. They also differ in 
intensity; this difference enables us to distinguish sounds as 
loud or soft. And they differ in quality or timbre; this differ- 
ence enables us to distinguish sounds which are alike in pitch 
and intensity, when made by different instruments. 

Experiment 78. — Object. To discover, if possible, by studying the 
vibrations of cords, what it is that the ear recognizes as pitch and inten- 
sity of sound. 

Two blocks, each with a screw-eye, may be clamped upon the ends, or 
along the edge, of a table, about a meter apart, more or less (Fig. 142). 
One end of a slender cord may be fixed to one screw-eye, and the other 
end may be passed through the other screw-eye. By pulling this free 
end, the tension of the cord may be varied. 

Fig. 149. 

1. Let the tension of the cord be slight, so that while the vibrations 
are visible no sound is heard. The cord is vibrated by plucking its 
middle portion. Increase the tension ; pluck the cord about as forcibly 
as before ; watch for any visible change in the rapidity of the vibrations, 
and also for any sound that may be produced. Increase the tension 
more and more, and compare the rapidities, and also the sounds. 

How does the ear recognize the higher rates of vibration? Are there 
vibrations too slow to be heard at all ? 

2. Stretch the cord tightly, and fasten the free end so that the tension 
will be steady. Pluck the cord gently ; observe the amplitude of its 
vibrations, and also the sound produced. Then pluck it with greater 
energy, and again observe the amplitude and the sound ; you should dis- 
cover and note the changes in both. Repeat, varying the amplitude by 
varying the energy with which the cord is plucked. 

How does the ear recognize the greater amplitudes of vibration ? 
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129. Pitch. — a. If two vibrating bodies have the same 
vibration rates, their sounds have the same pitch, however 
much they may differ in other respects. When the number 
of vibrations per second is great, the pitch is high, or acute ; 
when small, the pitch is low, or grave. A musical sound of 
definite pitch is called a tone. 

b. The music of civilized nations is based upon a series of 
musical sounds, chosen out of the vast number of possible 
tones. Starting from any pitch, and taking them in their 
order of pitch, twelve different tones are used. The thir- 
teenth is very much like the first in all respects except pitch, 
and is called its octave. By suitable choice out of these tones 
various series are formed called scales. The most important 
scale in music is that called the diatonic major scale. It selects 
seven out of the twelve tones, the eighth tone of the scale being 
the octave of the first. The first, or lowest, tone is called the 
fundamental, or keynote, of the scale. 

c. The tones in the scale are designated by letters. In the 
case of that major scale whose keynote is C, the letters are 
as follows: C, D, E, F, O, A, B. The octave is named C 
again, and serves as keynote of the scale of tones above it. 
In written music they are represented by symbols, called notes 
(f^ f y)y and tne i r relative pitches are shown to the eye by 
writing these symbols upon the staff, which consists of horizon- 
tal lines with the intervening spaces. A symbol on a higher 
line or space represents a note of higher pitch. Thus : 



g * * * — 



e d e f g a b c* 
1 2 8 4 5 6 T 8 



d. By the use of the capital letters, small letters, and letters 
with dashes or primes attached, the actual pitches of the tones 
in the repetitions of the scale are distinguished. 



224 SIMPLE HARMONIC MOTION. [§129. 

In the case of other scales, or of the major scale with another 
keynote than C, one or more of the five tones omitted from the 
series displayed above must be added, or substituted for some 
of the tones given. These omitted tones, when needed, find 
their places on the staff by means of signs called flats (t?) or 
sharps (§) used in connection with the notes. 

e. The actual pitch, or vibration frequency, of the funda- 
mental of the scale is not fixed. It may be higher or lower, 
but the difference in pitch of the successive tones is always 
the same. 

The difference in pitch of two sounds is called an interval. 
The value of an interval is measured by the ratio of the 
vibration frequencies of the two sounds. It is found by 
dividing the higher frequency by the lower. Thus if one 
piano wire vibrates 256 times per second, and another 320, 
the difference in pitch, or interval, of the two sounds if §££, 
or J. 

/. Now the tones of the major scale do not differ in pitch 
uniformly. If we take the frequency of the fundamental as 1, 
then the ratios of the others to it are as follows : 



c 


d 


e 


/ 


9 


a 


b 


c' 


1 


1 


f 


t 


1 


* 


¥ 


2. 



So that whatever pitch is assigned to o, that of d will be $ of 
it, of e { of it, and so on. For example: If a sound whose 
wave frequency is 128 per second be taken as thq fundamental, 
c, then the wave frequency of d is f x 128, or 144 per second. 
The student should finish this illustration by computing the 
wave frequency of each note of the entire series. 

The octave of one scale is the fundamental of the next 
higher, and the same series of intervals are repeated. Thus 
for tones following c' we have 2 x j> 2 x $, 2 x f ,. or *fi 9 J^, f , 
and so on. These ratios are the frequencies of the tones com- 
pared with that of the lowest fundamental, c. 
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Instead of taking the interval between the fundamental and 
each of the other tones, we may find the interval between each 
and the one next higher. Thus the interval between c and d 
is | -5- 1, or -$; between d and e, f -s- f, or ^. Each fraction 
divided by the one before it gives the interval between the 
corresponding tones. In this way you should compute the 
seven intervals of the scale, from the fundamental, c, up to 
the octave, c', and find them to be as follows : 



h v, 



\ & 



r ■ ■ 



¥> i «• 



By so doing you discover that there are only three different 



These three intervals are named as follows : The f is called 
a major step, the ^ a minor step, and the |$ a major half 
step. 

Other important intervals in the scale are the major third 
(c . . . e), the numerical value of which is f ; the fourth (c . . . f), 
the value of which is J ; the fifth (c . . . g), the value of which 
is | ; and the minor third (a . . . c'), whose value is $ . 

g. While the number of vibrations per second which shall 
constitute a fundamental is purely arbitrary, yet for practical 
purposes certain standards have been adopted. Thus, in 



Gclef 



Fclef 



I 



mi 



261 



• 256 



JZZ. 



i« 



J2Z 



&&- 



rsTZZ-- 



-T?*>* 



physics, the number 256 is assigned to "middle C," — the tone 
whose note is written on the line between the G- and F 
"clefs;" it is the c* of the preceding paragraph, and of the 

COOLEY'S PHT8. — 16 
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diagram above. An international commission of musicians 
have recommended a "standard pitch," fixing the a' at 435. 
According to this, the frequency of c' is 261 (435 x f ). This is 
called the international pitch, and is that to which most musical 
instruments are now tuned. The student will do well to com- 
pute the numbers for the tones of the scale on each of these 
two standards. Thus the actual rates of vibration of piano 
wires, or the vocal cords of a singer, when these particular 
sounds are made, become known. 

h. The above ratios (/) are theoretically correct. In musical 
practice, however, they are slightly modified to secure uni- 
formity in the intervals. The octave is divided into twelve 
equal intervals, called half-steps. The step is equal to two half- 
steps ; the minor third, three ; the major third, four ; the fifth, 
seven; and so on. The system thus adopted is called equal 
temperament. The effects of equal temperament are not as 
beautiful as with the ratios given (§ 130, b), but the advan- 
tages to music in other respects are thought to outweigh the 
loss in purity of interval. 

t. The lowest tone useful in music has a rate of about 32 
per second, and the highest about 4000. To include the large 
number of musical sounds between these limits, the scale is 
repeated over and over (/). You may learn how many repe- 
titions of the scale are needed by finding how many times 
you must multiply by 2 in order to raise 32 to 4000 +, since 
the vibration frequency of each octave is twice that of its 
fundamental. 

j. The limits of audible sounds are very much wider than 
those of sounds which are practically useful in music. Human 
ears, however, are not equally sensitive. Many people have 
heard the acute cry of the bat and the creak of the cricket, but 
others never have, because these sounds transcend the sensi- 
bility of their ears. The limits of hearing, therefore, cannot 
K e definitely stated, but the extreme range of audible sounds 
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may be put as at least 16 vibrations per second for the lowest 
to about 40,000 for the highest. 

130. Chords. — a. A smooth, pleasing effect in the ear, pro- 
duced by two or more sounds combined, is called harmony, and 
the sounds themselves constitute a chord. An unpleasant, jar- 
ring effect in the ear, produced by two or more sounds com- 
bined, is called discord. 

b. Whether the effect of two sounds combined shall be 
pleasing to the ear or not, is found to depend on the ratio of 
their wave frequencies. If that ratio is a simple one, the effect 
is harmony ; if the ratio is more and more complex, the har- 
mony degenerates into discord. The following facts illustrate 
this principle : 

In the unison . . ratio 1 : 1, the sounds blend perfectly. 

In the octave . . ratio 2:1, the roughness is very slight. 

In the fifth . . . ratio 3 : 2, the roughness is greater. 

In the fourth . . ratio 4 : 3, the roughness is still greater. 

In the major third . ratio 5 : 4, the roughness is still greater. 

In the minor third . ratio 6 : 5, the roughness is quite marked. 

When sounds whose wave frequencies are more nearly equal 
than those of the minor third are combined, the resultant sound 
is too harsh to be agreeable. 

c. According to Helmholtz, the dissonance of two sounds 
is due to beats (§ 136, c). When the wave frequencies are 
nearly equal, the beats are so rapid that they cannot be heard 
separately, but produce a continuous jar which is unpleasant 
to the ear. 

131. The Transverse Vibrations of Strings. — a. An instru- 
ment for the study of the vibration of strings is called a 
sonometer. This instrument, which has been known since the 
days of the ancient Greeks, consists of a narrow wooden box, 
usually about a meter in length. Over the top of this reso- 
nant case one or more metal strings may be stretched. 
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b. Pythagoras, the inventor of the sonometer, found that 
the vibration frequency of a string depends on three things, 
its ltngth, its tension, and its mass (the mass of a unit length), 
and proceeded to discover the following laws : 

L The vibration frequencies of strings whose masses are equal, 
and which art stretcfied tcith the same tension, vary inversely as 
their lenqtfts. 

Thus if two pieces cut from the same wire, one 80 cm., the 
other 40 cm., long, are stretched equally, the shorter will 
vibrate at a rate twice as great as the other. In every case, 
if L and R stand for the length and rate of one string, and I 
and r for the length and rate of another of equal mass and 
tension, 

R.r.iliL. (1) 

2. The vibration frequencies of ttco strings whose masses and 
lengths are equal, vary directly as the square roots of their 
tensions. 

Thus if two strings have equal masses and equal lengths, 
and one of them is stretched with a tension 4 times that of the 
other, it will vibrate twice as fast. Other things being equal, 
the vibration frequencies of two wires, one stretched by the 
weight of 25 pounds, the other by the weight of 36 pounds, 
are as V25 : V 36, or as 5 : 6. In any case, if T and R stand 
for the tension and rate of one, and t and r for the tension 
and rate of another with an equal length and mass, 

R:r::VT:Vt. (2) 

3. The vibration frequencies of two strings whose lengths and 
tensions are equal, vary inversely as the square roots of their 
masses. 

Thus if the mass of one string is 9 times the mass of another 
of equal length and tension, it will vibrate £ as many times 
per second. Other things being equal, the vibration f requen- 
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cies of two wires whose masses are as 9 : 16 are as Vl6 : V9, 
or as 4 : 3. In every case, if M and jB stand for the mass and 
rate of one string, and m and r for the mass and rate of 
another with an equal length and tension, 

R : r : : Vm : VS. (3) 

c. These laws are applied in the construction and tuning of 
stringed instruments of music, such as the pianoforte, violin, 
and harp. The pitch of each tone is secured by using a string 
of appropriate length and mass, and then straining it with just 
the right tension. 

132. Experimental Study of String Vibrations.— The top of a pine 
table is a very good substitute for the resonant box of a sonometer. 
Wires may be stretched over it as shown in Fig. 143. The two blocks 
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Fig. 143. 

used in experiments on tenacity (Fig. 46) are clamped upon the ends or 
the edge of the table. The wire (brass, No. 24), with one end fastened 
in the screw-eye at A, is wound two or three times around the adjacent 
spool, and the other end is fastened to the hook of a spring balance, d. 
A piece of strong twine, tied into the ring of d, is passed around the 
spool s, and serves to fix the balance when the wire is properly strained. 
Two bridges, b and b', are placed under the wire near its ends, as shown. 
The balance should lie flat upon its back, supported by a block, so that 
the wire is bent down a little over the edge of b'. 

The length of the string is measured from b to 6', or to a third bridge 
which may be moved under the string between these points to vary the 
length of the vibrating part at pleasure. The tension of the string is 
secured by pulling the twine, and it is measured by the balance, d. The 
mass is varied by using strings of different sizes or of different materials. 
Two tuning forks are needed with which to identify the sounds produced, 
one a c' fork = 266, the other a c fork = 128, vibrations per second. 

To succeed in the experimental study one must be able to judge cor- 
rectly whether two sounds are in unison, and must make the measure- 
ments with care. 
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Experiment 79. — Object. To verify the relation between the vibration 
rates and lengths, of strings whose tensions and masses are equal. 

A single wire of No. 24 spring brass may be used. Let the apparatus 
be set up as described above, with the distance between b and b' about 
00 cm. Push the hook end of the balance with the left hand while you 
pull the twine around the spool, *, until the index stands at, say, 8 
pounds, and then fasten it firmly. Pluck the wire near its middle 
point, and compare its sound with that of the c fork. If it is higher than 
c, slacken the twine a little ; if lower, tighten the twine, and perhaps put 
a third bridge near 6', and shorten the vibrating part until the wire is in 
unison with the fork. One ear should be placed near the wire, while the 
vibrating fork is held near the other. Beats may be heard when the two 
sounds are near unison ; they will become slower and finally disappear 
when the unison is obtained. 

Note the vibration rate of the wire ; it is the same as that of the fork 
(§ 129, a). Measure the length of the vibrating part of the string. Sev- 
eral trials should be made, and the average taken. 

Now, leaving the tension unchanged, move the third bridge toward b, 
until the sound of the wire is in unison with the c' fork. Note the vibra- 
tion rate of the string, and its length, finding an average as before. 

By comparing the rates and average lengths (Appendix II.) you should 
be able to state the relation between the vibration rates and the lengths 
of stretched strings. Compare your conclusion with the law (§ 131, b, 1). 

Experiment 80. — Object. To verify the relation between the vibration 
rates and the tensions of strings whose lengths and masses are equal. 

The tension of the string is measured by the balance, d. It is the 
weight of as many pounds or grams as the scale indicates. 

Make the tension of the wire such that the scale reading is 2 or 3 
pounds. Place the third bridge under the wire, and move it until the 
sound of the wire is in unison with the c fork. Then, without permitting 
the bridges to be moved, increase the tension until the sound is in unison 
with the c' fork. Note the vibration rates and the corresponding tensions, 
finding an average in each case. You should then be able to state the 
relation between the vibration rates and the tensions of stretched strings. 
Compare your conclusion with the law (§ 131, 6, 2). 

Experiment 81. — Object. To verify the relation between the vibration 
rates and the masses of strings whose lengths and tensions are equal. 

Cut equal lengths of Nos. 24 and 27 spring brass wire. Find their 
masses by the balance, and compute the masses per meter, M and to. 1 



i The mass of any length of No. 24 spring brass wire is very nearly twice 
that of the same length of No. 27. 
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I si on, say 10 pounds, and find, by moving the bridge, what 
I No. 24, will give a Bound in unison with the c fork = 128. 
•vire No. 27, stretching it with an equal tension, and find what 
I yield a sound in unison with the c F fork = 2o6. From the 
mm. of No. 27 compute the rate, x r of 1 cm. of the same wire ; 

- CI 181, * T 1). 

ig the vibration rates and the masses of the wires, which are 
€th as well as in tension, compare the two and state the rela- 
■ire your result with the law (g 131 t A, 3). 

ments and Nodes. — gl A sonorous body generally 
divisions. Fig* 144 represents a stretched string, 




I ik'. 144, 

has been plucked at a point c, and at the same 
^litly touched at d, one third of its length from 6. 

in three parts as if it consisted of three strings, 
nig parts of the string are called segments* The 
est, or of little amplitude, as d t are called nodes, 
luta of greatest amplitude, as c, are called ant modes. 
ring been touched at its middle point, there would 
•wo segments; at a point one fourth its length from 

ild have been four segments. 

it 82. — Object, To study the production of segments of a 
ig, by Melde's method, 
method of producing nodes and segments, the string is 
tie prong of a tuning fork to which one end is fixed, while it 




Fig. 145. 

the weight of a mass hung upon the other end (Fig. 145). 
a large c* fork firmly in a block and clamp it to a table. 
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Make a snail loop on each end of a white silk thread about 1 m. long 
(Cutter's white "buttonhole twist"). Put one loop on the end of one 
prong of the fork, pass the other over a small pulley, and attach a small 
scale pan (Experiment 15, Note 2), whose mass you have already found ; 
it should not be more than 5 or 6 grams. Let the plane of the prongs be 
in line with the string, and make the length ap to be 80 cm. 

Put box-masses into the pan until they, with the pan, amount to 7 g. 
Vibrate the fork by drawing a violin bow across the end of the prong o, 
as nearly in the plane of the prongs as may be without touching prong a. 
A little practice will enable you to do this well, and you should then see 
the string break up into several segments separated by sharply denned 
nodes. 

If the segments do not appear, the tension is far from right ; if they 
appear poorly developed and die out quickly, the tension is nearly, but 
not quite, right. In every case the masses should be carefully adjusted 
until the segments are well formed and diminish slowly in amplitude. 
The number of segments and the corresponding tension shoidd then be 
noted. 

Proceed to obtain smaller numbers of segments by increasing the masses 
in the pan, and tabulate the results. The following table contains the 
notes of one experiment. It shows the form of record and the kind of 
results that may be expected. 

Length of Cutter's white buttonhole twist used ... 80 cm. 

Mass of the scale pan 6.6 g. 

Let N stand for the number of segments obtained. 
Let m stand for the box-masses used. 

Let T stand for tension (represented by the total mass of the 
scale pan and its contents). 
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16.80 


4 


9.4 " 


15.9 " 


3.98 
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28.2 " 


5.30 


15.90 
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62.0 " 


58.5 " 


7.65 


15.30 



Columns 4 and 5 are computed from the observed values. Consider 
whether the products in column 6 are all so nearly equal that their varia- 
tions may be fairly attributed to necessary errors in the experiment. If 
so, we infer that the number of segments varies inversely as the square 
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root of the tension of the string (see conolusion of Experiment 52, or 
Appendix II.). 

For example : 6 : 6 : : 3.16 : 2.64. This is a true proportion, because 
the product of the extremes equals the product of the means, as shown 
by the products in the fifth column. 

b. Segments vibrate as if they were separate cords. In the 
case of two segments, each is one half the length of the whole 
string, and hence its vibration rate is twice as great (§ 131,6,1). 
If there be three segments, each is one third the length of the 
string, and its rate is three times as great. 

Experiment 83. — Object. To obtain audible sounds by the vibration 
of a string in segments. 

Use the apparatus shown in Fig. 143. Stretch the wire, bb\ until its 
sound is in unison with the c fork. Then pluck the wire, or draw a 
violin bow across it, near one end, and at the same instant touch the 
wire lightly, for a moment only, at its middle point. If this is done suc- 
cessfully, the sound will be found to be in unison with the c' fork. Pluck 
or bow the wire again, and touch it lightly for a moment at one third its 
length from £>', and listen for a sound still higher. By touching the 
vibrating wire at one fourth and at one fifth its length from one end, still 
higher sounds may be obtained. 

Explain the production of these higher tones by the law of lengths 
(§ 131, bj 1), applying it to the segments produced by the touch. 

c. The tone produced by a body vibrating as a whole 
(Fig. 133) is its fundamental. The tones of higher pitch pro- 
duced by a body vibrating in parts (Fig. 144) are called over- 
tones, or, if they harmonize with the fundamental and with one 
another, they are called harmonics. 

134. Quality or Timbre. — a. Quality has already been de- 
fined as that difference in sounds which enables us to distin- 
guish those of different instruments, even when they have the 
same pitch and loudness. Thus a piano wire, a violin string, 
or a singer's voice, may yield the same tone, c', and yet it is 
not difficult to tell from which the sound proceeds, even if in 
another room. The sound from each source has its own pecu- 
liar quality. 
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b. The quality of a sound is produced by the overtones 
which blend with the fundamental tone of the sonorous body. 

With almost no exceptions the sounds we hear are complex, 
because, with almost no exceptions, sonorous bodies vibrate as 
wholes and in segments at the same time. A trained ear can 
detect several of the harmonics which are blended with the 
fundamental in the tone of a piano wire. Almost any person 
can detect one or more. Try it. 

According to Helmholtz and Koenig, quality depends on the 
overtones in three ways : 

1. Their number. 

2. Their relative loudness. 

3. Their phases (§ 111). 

\ 

INTERFERENCE OF SOUND. 

135. Interference of Waves. — a. Waves, in passing through 
a medium, are likely to encounter other waves. In the atmos- 
phere, for example, sound waves from many sources must often 
traverse the same portion of air at the same time. They may 
be going in the same direction or in opposite directions, or 
their paths may cross at any angle. The mutual action of two 
or more systems of waves, in the same direction or in opposite 
directions, is called interference. 

b. The interference of water waves may be observed in the 
following experiment : 

Experiment 84. — Put a shallow layer of water into a rectangular pan, 
such as a sheet-iron baking pan. Lift one end of the pan an inch or two ; 
pause a moment, and then let it down. One set of waves should be trans- 
mitted and reflected. Then strike the middle of one side of the pan a 
sharp blow with the hand, and watch the two sets of waves that meet at 
the center of the surface. Strike the pan near one corner. Disturb the 
water by means of falling drops, and in other ways, and watch the two 
or more sets of waves which are produced. You should see that in every 
case the encounters of two or more sets of waves stop neither; water 
transmits any number as freely as one. This is true of all media. 
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c. A study of the diagrams (Fig. 146) will reveal the law of 
interference. Suppose a wave starts from A. It goes in all 
possible directions, but we show only the path of one point, 
toward W. Suppose the disturbance at A to be repeated so 
that the waves shall not die out. Again, II. represents another 
wave, with smaller amplitude but the same wave length, start- 
ing from B. If A and B are on the same water surface, the 
two waves will combine at A. Crest will be added to crest, 
and trough to trough, forming a single resultant wave, as 
shown in III. by the curve AW. The amplitude of this 
resultant must be equal to the sum of the amplitudes of the 
two separate waves. 
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Fig. 146. 

Again, suppose the second wave to start from C. If A and 
C are on the same surface, the two sets of waves will unite at 
A, but the crests of C will coincide with the troughs of A, and 
the amplitude of the resultant wave will be equal to the dif- 
ference of the amplitudes of the two, as shown by the wave 
form A W, in IV. 

In the first case the resultant is found by adding the ampli- 
tudes of the two waves at each point, because the motions of 
that point, due to the separate waves, are in the same direc- 
tion. In the second case it is found by subtracting, because 
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the motions due to the two waves are in opposite directions. 
But in both cases, it is the algebraic sum of the two. 

d. In all cases, the following law of interference prevails : 
If two or more waves are passing through the same medium, 
in the same or the opposite direction, they unite to form a single 
resultant wave. The amplitude at each point is the algebraic sum 
of the amplitudes of the two separate waves at that point 

e. For better acquaintance with this law, study the diagrams 
(Fig. 147). Notice that the waves represented in I. and II. have 
equal amplitudes, but different lengths. If they were going 
through the same medium together, they would unite in a wave 
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Fig. 147. 

whose form is shown in III. Notice that the amplitude at each 
point in this resultant is the sum or difference of the separate 
amplitudes, according as that part of the medium is urged in 
the same or an opposite direction by the separate waves. Thus 
ba = b'a' + b"a", and be = 6"c" - b'c'. 

f The law applies to waves of all kinds. In air waves you 
have to think of condensations and rarefactions instead of 
crests and troughs. Two condensations thrown together pro- 
duce a greater condensation, as crest with crest produces a 
resultant higher crest. 
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136. Interference of Sound. — a. If hearing is due to the 
energy of sound waves, how is it affected by their interference ? 
Study this question as follows : 

Get two tuning forks of the same pitch. Strike the end of 
one prong of each fork on a thin pad of paper or pamphlet 
lying on the table, and immediately rest the handles of both 
upon the table or a box. The sounds of the two should be 
heard as one sound louder than either, perfectly continuous 
and smooth. 

Each of these forks produces its air waves, and the two sets 
must be of equal wave length because the forks have the same 
vibration rates. They unite, as shown in Fig. 146, and in the 
resultant wave (III.) the condensations are all equal, and strike 
the ear drum with equal energy. Hence the loudness of the 
sound is uniform. 

6. Press a small ball of wax upon the end of a prong of one 
fork, vibrate the two forks, and rest them on the table as be- 
fore. Try larger and smaller pieces of wax, noticing the vary- 
ing loudness of the sound in each case. Periodical bursts of 
sound, with intervals of comparative silence, follow more or 
less rapidly as the load of wax is changed. 

The effect of the load is to reduce the vibration rate of the 
fork. The slower vibrations produce longer air waves. These 
blend with the shorter waves of the other fork, as shown in 
Fig. 147, and in the resultant waves (III.) the condensations 
are unequal. The greater condensations follow one another at 
intervals, with lesser condensations intervening, and the blows 
of these unequal condensations upon the ear drum produce the 
unequal loudness of the sound. Try the following experiment : 

Hold a vibrating tuning fork near the ear, and turn it slowly around 
its axis. A point will be found at which the sound will be extin- 
guished. 

Repeat Experiment 75, and, having found the proper length of the air 
column, rotate the prongs of the vibrating fork slowly until the sound 
ceases. Then slip a cylinder of paper over one prong. Explain. 



238 SIMPLE HARMONIC MOTION. [§ 136. 

c. Periodical changes in the loudness of a sound are called 
beats. Beats can be heard only when the component sounds 
differ very little in pitch, — that is, in vibration rates. It has 
been found that the number of beats per second is equal to 
the difference in the vibration rates of the two beating sounds. 
But the ear cannot distinctly separate more than about ten 
sounds per second. Hence, beats more rapid than ten per sec- 
ond are too rapid for the ear to separate, and cause an unpleas- 
ant roughness of sound, or discord (§ 130, a, c). 

d. The resultant of two sounds may be silence. If the 
sounds waves are equal in length, and equal in amplitude, and 
interfere in opposite phases, they will neutralize each other 
completely, because the algebraic sum of their amplitudes is 
zero (6, experiment). 



IX. RADIANT ENERGY — HEAT AND LIGHT. 
TRANSMISSION OF RADIANT ENERGY. 

137. The Ether. — a. We have seen that physicists assume 
the existence of a medium called ether, in order to explain the 
transmission of energy when there is no solid or fluid matter 
to carry it (§ 20, c). 

The ether must be a medium of extreme tenuity and perfect 
elasticity. It is supposed to fill the spaces between molecules, 
and to extend to the utmost bounds of space. In fact, mole- 
cules and masses of matter are supposed to be immersed in a 
boundless sea of ether, in which they move with perfect free- 
dom, much as the fishes are immersed and move about in the 
water of the ocean. 

b. The ether is supposed to transmit energy by waves. For 
example : Let a gas jet be lighted, and every eye in the room 
is affected instantly. In this case the vibrations of the in- 
tensely heated molecules of the gas create waves in the ether, 
and these ether waves convey their energy to the eye. 

138. Radiant Energy. — a. The energy which resides in 
ether waves is called radiant energy. Radiant energy takes 
different names according to the kind of work which it does. 
Thus it is called light if it can affect the eye ; radiant heat if 
it can raise the temperature of a body which receives it ; actinic 
energy if it can produce chemical changes ; and electricity if it 
can produce in matter certain conditions which are known as 
electrification, 

b. The nature anA laws of radiant energy are best illustrated 
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by the phenomena of light, and hence the following sections 
will be devoted chiefly to light. 

139. Radiant Energy is propagated in Straight Lines. — a. Let 
a (Fig. 148) represent a red-hot bead. The ether waves go 

from it in all directions, 
and surround it like con- 
centric shells. When the 
front of the wave has 
~Z d reached 5, the energy in 
the wave at that point has 
gone in the straight line 
ab, and will go straight to 
c, and outward, as the 
Fig-. 148. wave rolls on. The path 

of a beam of light, in a partly darkened room, is often seen 
by the illuminated dust, and nothing could be straighter than 
it appears. 

b. Straight lines which show the directions in which radiant 
energy is propagated are called rays. Thus, in Fig. 148, the 
lines radiating from a toward d are rays. Diverging rays are 
rays which separate more and more as they proceed. All rays 
given off from a common point, as a, Fig. 148, must be diverg- 
ing. Parallel rays are rays which neither separate nor approach 
one another as they proceed (Fig. 149). Rays from a very 
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Fig. 150. 



distant source — the sun, for example — are sensibly parallel; 
none can be absolutely parallel unless they proceed from dif- 
ferent points in the body which sends them. Converging rays 
-> rays which approach one another as they proceed (Fig. 150). 
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A bundle of parallel rays is called a beam. A number of 
rays proceeding from, or converging toward, a point, are called 
a pencil. 

c. The wave front may be convex, as it must be if the rays 
are diverging ; it may be plane, as it must be if the rays are 
parallel; or it may be concave, as it must be if the rays are 
converging. These three forms of wave front are represented 
at /in Pigs. 148,149,150. 

Any point from which rays diverge, as a, Fig. 148, or toward 
which they converge, as c, Fig. 150, is called & focus. 

d. Light passes quite freely through water and glass, but 
not through iron. Any space or substance through which light 
can go is called a medium ; and if it is exactly alike, in struc- 
ture and properties, at all points, it is called a homogeneous 
medium. 

e. Radiant energy starts from every point of a hot or luminous 
body to go in every possible direction. Thus heat and light 
radiate from every point in a candle 
flame, as shown for a few points by 
Fig. 151, and go in all directions 
from each, which cannot be shown 
without confusion of lines. 

/. Media differ greatly in their 
power to transmit light. Some, like 
air and water, transmit it very freely, 
so that the forms of objects can be 
seen through them ; such are said to 
be transparent. Others, like gold Flg# 151 " 

and wood, seem to forbid its passage, except in very thin 
plates ; such are said to be opaque. Others, like ground glass, 
permit light to pass through but do not reveal the object from 
which it comes. These are said to be translucent. But no 
substance is perfectly transparent ; even air and water arrest 
some portion of the light that enters them. On the other 
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hand, perhaps no substance is perfectly opaque ; even through 
gold, if in thin sheets — gold leaf — some light passes. 

Experiment 85. — Object. To study, by means of a " pin-hole camera,* 1 
the straight-line propagation of light. 

The pin-hole camera is a small, dark chamber or box. The front end 
is a sheet of cardboard with a large pin hole in its center. The other end 
is a sheet of ground glass or of oiled paper. 

Place a candle flame some distance in front of the pin hole, and look 
for an image of the flame, tip down, on the glass or paper back. Do not 
expect it to be very sharply defined, but seek for the sharpest definition 
. by changing the distance of the candle. 

g. To explain the production of an image by means of a 
pin hole, draw the diagram (Fig. 152). Let ab represent the 
flame, ff the front of the camera, and ss the screen at the 




Fig. 152. 

back. From the tip of the flame, a, a pencil of light goes out 
in all directions. The pin hole permits a few of these rays 
to reach ss at a', while the opaque front ff shuts out all others. 
A pencil, likewise, goes in all directions from the base of the 
flame, 6. A few of its rays enter the hole and reach ss at &'. 
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Prom every point of the flame, between a and 6, a pencil pro- 
ceeds, but only a few rays can pass the hole ; these reach the 
screen ss at corresponding points between a' and b'. All these 
points of light on ss are arranged in the inverted order of 
those of the flame, because the rays from the upper and lower 
points, by going in straight lines, must cross each other in pass- 
ing through the hole. 

140. Shadows. — A sliadow is space from which light is shut 
out by an opaque body. The existence of shadows is due to 
the fact that light is propagated in straight lines. 

Thus let a (Fig. 153) represent a very small source of light, 
and b an opaque ball. Those rays which fall upon the surface 
of b are stopped, while those which graze its edge, and all 




Fig. 153. 



beyond those, go straight forward. So the space bcde receives 
no light, and that space is the shadow of the body. The 
shaded portions of the surfaces of walls and other bodies, 
which are usually called shadows, are only the cross sections 
of the real shadows, while the shadows themselves are geomet- 
rical solids. 

Experiment 86. — Object. To study the distribution of light and shade 
in a shadow. 

Apparatus. A cardboard screen to receive the shadow. The card- 
board, about 20 cm. square, may be held upright by tacking it to one end 
of a square block. A slender rod to "cast the shadow. 1 ' It should be 
about .5 cm. in diameter, and may be set into a block to hold it upright. 
A kerosene lamp with a broad wick, and two candles. 
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Operations. Place the lamp flame with its broad side toward the 
screen, say 60 to 80 cm. away, and the rod between the two, say, 10 cm. 
from the screen. Look for a shadow with a dark center, called the 
umbra, and lighter sides, called the penumbra. Move the rod until these 
two parts are most distinct. Try other objects, such as a ball or a disk, 
and detect the umbra and penumbra in each shadow. 

Search for the cause of the unequal distribution of light and shade as 
follows : Place two candles side by side, facing the screen, say 60 cm. 
away. Put the rod, say, 10 cm. from the screen. Two shadows should 
be distinctly seen. Move the rod toward the screen until the shadows lie 
edge to edge, and then a little further. Look for a single shadow made 
by the overlapping of the two. You see why this shadow has an umbra 
and a penumbra. Explain. 

In like manner the shadow made by the broad lamp flame consists of 
overlapping shadows. Remember that light goes from every point of the 
flame in straight lines to the screen. Only a point source of light could 
yield a shadow without a penumbra. Compare the shadows cast by the 
electric arc lamp with those of the same objects cast by the sun. 

141. The Optical Bench. — An optical bench consists of a 
graduated bar upon which screens, and other pieces of the 
apparatus required in experiments with light, may be mounted 




Fig. 154. 



and moved into their proper places with precision. Much can 
be done without this instrument, as in the last experiment, but 
where measurements are to be made, some form of optical 
bench is very desirable. The following form (Fig. 154) has 
been found to be simple, cheap, and satisfactory. 

mm is a meter bar, with sides vertical, supported by grooved 
blocks, bb. s, s are sliding supports for various articles needed 
in experiments. They consist of grooved blocks to slide along 
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the edge of the bar, carrying uprights which are perpendicular 
to the bar in both directions, vertical and horizontal. These 
uprights are made of thin wood, and are fastened upon the 
ends of the grooved blocks, so that the scale reading to be 
taken may be marked by the face of the upright. For screens, 
C, pieces of stiff white cardboard are tacked to the ends of the 
sliders. Wooden uprights s, s, with holes, are useful for many 
purposes. A slider with a platform, L y will support a candle 
or small lamp. 

142. The Intensity of Light. — a. The intensity of light is 
the quantity of light which falls on a unit surface of an 
object. Thus the page of a book is more strongly illuminated 
by a good lamp than by a candle, even when it is the same 
distance away ; that is, every square centimeter of it receives 
more light. In other words, the intensity of the light is 
greater. 

The intensity of light depends on the light-giving power of 
the source. It also depends on the distance away from the 
source. We must first see how it depends on distance. 

b. The further we take our book from the lamp, the less 
light does the page receive. Doubling the distance reduces 
the intensity to one fourth, and if the distance is made three 
times as great, the intensity of light is reduced to one ninth. 
In general : The intensity of light varies inversely as the square 
of the distance from its source. This is the law of inverse squares 
for light. 

Experiment 87. — Object. To verify the law of inverse squares for 
light. 

The apparatus consists of an optical bench, with three screens and a 
kerosene lamp or candle (Fig. 155). The light, £, is placed near the end 
of the bar. The first screen, S, consists of a card pierced with a hole 
.3 cm. in diameter, bound by a rubber band over the large hole in one of 
the wooden uprights. The faces of screens G and C" are covered with 
cross-section paper. This paper is accurately ruled in small, equal squares. 
Cut out of G a centimeter or a half-inch square, by carefully following 
the lines with a sharp knife. The brightest part of the flame, the hole 
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in S, and the middle of the window in C, must be at equal heights. The 
object of the hole in £ is to make the edges of the patch of light on C as 
sharp as possible ; put it very near the flame. Now the same quantity of 
light that, starting from L, goes through 8, Jills the window, w, and is 
di fused over the larger surface, p. Its intensity must be less as the surface 
which it covers is larger. Thus if p is 4 times to, then the intensity of the 
light at p is J the intensity at to. 




Fig. 155. 

Place C at 16 cm. from L, and C at twice that distance. Count the 
number of half-inch squares in the patch of light on C. Repeat, with C 
at 3 and 4 times the distance of C from L, and also with C at other dis- 
tances. Record the distances and the areas in a table. If you find that 
when C is 2, 3, 4 times the distance of C from L, the areas of p are 4, 
9, 16 times the area of to, then the intensities of light would be J, J, ^, 
and the law is verified. 

143. Photometry. — a. A good lamp yields more light than 
a candle, so that bodies at equal distances from them will be 
illuminated more intensely by the lamp. Perhaps it would 
take 16 candles to make the light on a screen as intense as the 
lamp does. If so, then the light-giving power of the lamp is 
16 times that of the candle. Wax, oil, gas, and electric lamps 
differ greatly in their light-giving, or illuminating, power. 
Photometry is any process for comparing the light-giving power 
of different sources of light. The instrument employed is 
called a photometer. 

b. The unit usually employed to measure the light-giving 
power of different sources of light is the light-giving power of 
a sperm candle which burns at the rate of 120 grams per hour. 
This unit is called a candle-power. 

c. Photometry is based on the law of inverse squares. If 
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at twice the distance from a light the intensity must be \ as 
great, then a source that would emit 4 times as much light 
would make it equally great. The same reasoning is good for 
all such cases. In general : Hie light-giving power of two sources 
of light must be to each other as the squares of their distances from 
a screen on which they give equal intensities. 

d. In the Rumford photometer, a small rod is placed near a 
screen, and the two lights are placed at such distances that 
the two shadows are equally dark, which shows that the 
screen is lighted with equal intensities. The distances from 
the screen are measured and their squares compared. 

Experiment 88. — Object. To compare the light-giving power of a kero- 
sene lamp with that of a candle by means of a Rumford photometer. 

The photometer. — A cardboard screen, C, is nailed to the face of a 
wooden block, «, in which a wooden rod is set upright, about 4 cm. from 
C* (Fig. 156). The zero ends of two meter bars are placed on the block, 
both touching the rod, while the other ends are supported by grooved 
blocks. The rod is not tightly held in the hole. 




Fig. 156. 



Operations. — Place the candle on one bar, and a lamp on the other. 
Adjust the flames to about equal heights. Adjust the angle between the 
bars so that the two shadows of the rod shall lie edge to edge without 
overlapping. See that the bars are equally inclined to the screen. Place 
the candle at a convenient distance — say 30 cm. — from the screen. 
Place the lamp flame almost edgewise toward the screen, and move it 
back and forth until the shadows are equally dark. Note the distances, 
c and Z, of the candle and the lamp from the screen ; they are the scale 
readings at the centers of the flames, with the distances of the zero 
points from the screen added. To get these distances, remove the rod 
and measure the prolongation of the inner edge of each bar of the screen. 
Repeat with the candle at different distances, tabulating the results : 
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Trial. 


c 


I 


c« 


I* 


1 
2 
3 











The light-giving power of the lamp is - times that of the candle. If 

c* 

a standard candle (6) is used, then ~ is the candle-power of the lamp. 

e. If a spot on a sheet of paper is saturated with paraffin or 
oil, it will transmit light quite freely. If the sheet is more 
strongly lighted on one side than the other, the spot will 
appear darker than the paper on that side, but lighter than 
the paper if viewed from the other side. Try it. If both 
sides are equally lighted, the spot becomes quite, or nearly, 
invisible. 

/. In the Bunsen photometer a paper screen, with a trans- 
lucent spot, is placed between the two sources of light, and 
their distances adjusted until the spot is equally invisible 
when viewed from opposite sides. The distances of the sources 
of light from the screen are then measured. 

Experiment 89. — Object. To compare the light-giving power of a 
lamp with that of a candle, by means of a Bunsen photometer. 

Put two optical benches in a straight line, with their zerb ends 
together. Mount the screen with its translucent spot directly over the 
zeros. Mount the lamp on a platform slider near the distant end of one 
bench, and a candle on the other bench. By trial find a place for the 
candle such that the spot is equally indistinct when viewed from opposite 
sides. Note the distance, Z, of the lamp, and c, of the candle, from the 
screen. Repeat, choosing a different distance for the lamp. Tabulate 

observations and results as in the preceding experiment. - is the light- 
giving power of the lamp in terms of the candle. 

The photometer screen should receive no light from any source but the 
lamp and candle. Hence darken the room, or set up other screens to 
shield the photometer screen. 
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144. The Speed of Light. — a. The passage of light from 
place to place seems to be instantaneous. It was supposed to 
be so until 1675 when Roemer, a Danish astronomer, discov- 
ered that light from one of the moons of Jupiter requires 
about 16 minutes and 36 seconds to traverse the diameter of 
the earth's orbit — a distance of about 185,000,000 miles. 
This would give the speed of light nearly 186,000 miles per 
second. 

b. Roemer's observations may be understood by means of 
the diagram (Fig. 157). Let ee' represent the earth in its orbit 
around the sun at an interval of a half year between the two 
positions ; «7, Jupiter in the sunlight with its shadow, and m, 



'(*y ©=r 



Tig. 157. 



the nearest of his four moons. This moon passes through the 
shadow, and is eclipsed every two days. The exact time when 
each eclipse actually begins is computed by astronomers, but 
Roemer observed that an eclipse always appears to begin a 
little later, when the earth is receding from Jupiter, and put 
the difference in time at 22 minutes for the two positions e 
and e\ From this fact he inferred that light requires that 
length of time to cross the earth's orbit from e to e'. 

Roemer's inference was right, but his measurement of time 
was wrong. Delambre afterward found it to be 16 minutes 
and 36 seconds. 

c. The speed of light has been found by more reliable 
methods since the time of Roemer (Barker's Physics). Ac- 
cording to Newcomb the speed of light, in space, is 186,328 
miles, or 299,860 kilometers, per second. It is a little less in 
air, and still less in transparent liquids and solids. 
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REFLECTION OF RADIANT ENERGY. 

145. A Division of the Beam. — a. Whenever radiant heat op 
light falls upon the surface of a body in its pathway, it is 

divided into two parts: 

one part enters the body, 

and another part is 

thrown back into the 

medium through which 

it came. 

Experiment 90. —Object. 
To witness the division of a 
beam of light at the surface 
of water. 

Let a beam of sunlight en- 
ter a partly darkened room 
through an opening in a 
window shutter. Place a jar 
of water on a table to re- 
ceive the beam (i, Fig. 158). 
Look for its two parts, — 
e, which enters and trav- 
erses the water, and r, which is thrown off into the air. A drop or two of 
milk, or a very little soap solution, added to the water will make the 
pathway of e distinctly visible, and a little dust sprinkled in the air by 
striking two blackboard brushes together will reveal the path of r. 

6. That part of the incident beam which is turned back 
into the medium from whence it came, is said to be reflected; 
and the action by which it is thrown back from the surface is 
called reflection. For the present we will attend to this re- 
flected portion only, and leave that which enters the second 
medium for future study. 

146. Reflection of Heat and Light. — The reflection of radiant 
heat and light is the reflection of ether waves, and the 
reflection of ether waves is analogous to that of water waves 
and sound waves (§ 113). It obeys the same law (§ 120, c), and 




Fig. 158. 
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the same terms (§ 120, b) are used to describe it. The student 
should therefore carefully review these subjects. 

Experiment 91.— Object. To verify. the law of reflection as applied to light. 

The apparatus consists of a candle to give the light ; a small mirror to 
reflect it ; a graduated circle with which to measure angles ; and a small 
screen with a hole, through which to receive the reflected light into the 
eye. These are set up 
as shown in Fig. 159. 
The mirror, wi, carries 
a narrow strip of paper, 
p, fixed upon its face 
with gum, or a narrow 
line scratched through 
the silvering on the 
back. It is held verti- 
cally by a bar, 6, the 
wood being cut away 
so that the face of the 
glass is flush with its 
surface. The graduated 
circle C is tacked upon 
a smooth block. The 
bar is laid upon it with 




Fig. 159. 



its edge exactly 'coinciding with divisions 90° from the zero, and the foot 
of p exactly at the center. Two threads are fastened to the bar at the 
foot of p exactly over the center of the circle. The other end of one is 
loosely looped over the candle ; that of the other is fixed to the screen 
C, at the foot of a vertical line drawn through the center of the hole. 

Operations. Draw the candle until its thread is straight, and makes 
any convenient angle with oo. See that the loop slides around the candle 
instead of bending the thread at its surface. Draw C away until its 
thread is tense, and move it until by looking through the hole you see 
the image of the flame centered' exactly on p. Then read the angles of 
incidence and reflection. Move the candle and repeat the observations 
several times. Tabulate the results, draw your conclusion, and compare 
it with the law (§ 120, c). 



Number of Trials. 


Angle of Incidence. 


Angle of Reflection. 


1 
2 
3 
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147. Smooth and Rough Surfaces. — a. If the reflecting sur- 
face is smooth, a large part of the light received upon it is 
" regularly reflected ; " but if it is rough, the light is " diffused/' 
The difference in the two cases is shown by Fig. 160, in which 




Tig. 160. 

SS represents a perfectly smooth plane surface, and SR a sur- 
face like that of most bodies as they actually are — more or 
less rough. The angles of incidence and reflection must be 
equal at every point of the reflecting surface. If the points are 
not regularly arranged, the reflected rays must be scattered. 

6. Light, entering the eye, produces vision. But it is not 
the light which we see, for light itself is absolutely invisible. 
We see objects by means of light which they send to the eye. 
Luminous bodies, such as a candle flame or red-hot iron, origi- 
nate the light which they send to the eye, but other bodies are 
seen by light which they reflect. Moreover, the light which 
renders an object visible is the light which it scatters by 
reflection. 

c A perfectly smooth body would be invisible, because regu- 
larly reflected light affects the eye as if it came directly from 
its source instead of from the object which reflects it; it pro- 
duces an image of the object which sends it to the reflector. 
Thus when a person sees his own image in a looking-glass, the 
rays which go from the person to the glass are regularly re- 
flected back to his eyes; he scarcely sees the glass itself. 
But the light which is diffused by a body on account of any 
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roughness of its surface, enables us to see the body which 
reflects it. 

d. A surface so smooth and opaque that a large part of the 
light it receives is regularly reflected is called a mirror. A 
plane mirror is one whose reflecting surface is plane. A spheri- 
cal mirror is one whose reflecting surface is a portion of the 
surface of a sphere. It may be convex or concave. 

148. Plane Mirrors. — a. The common looking-glass is a 
plane mirror. The glass itself is not opaque, and compara- 
tively little light is reflected from its front surface ; but the 
mercury film upon its back is both smooth and opaque, and 
reflects nearly all the light that reaches it. This mercury sur- 
face is the real mirror. The most perfect mirrors are metal 
plates with highly polished surfaces, or glass plates coated in 
front with a thin layer of highly polished silver. 

b. The image of a point is another point from which the light 
of the first comes, or appears to come, after reflection. 

Thus, in Fig. 161, MM represents a section of a plane 
mirror, and p the tip of a candle flame. Light from the point 
p goes out in all directions 
(§ 139, e). A portion covers the 
surface of M and is reflected by 
it. The rays reflected from ab, 
which is so small a part of the 
surface that the diverging rays 
reflected from it will not sepa- 
rate too far to enter the small 
pupil of an eye, enter the eye, 
E, as if they came from the 
point p f instead of p. The tip of the flame appears to be at 
p'; sop' is the image of p. 

c. The direction of the rays reflected at ab may be traced 
as follows : Erect perpendiculars ac and bd at the points of 
incidence ; the angles pac and pbd are the angles of incidence. 




Fig. 161. 
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According to the law (§ 146) there must be angles of reflection 
equal to these. Hence draw the lines aE and bE so that caE 
equals pac, and dbE equals pbd. 

No light actually conies from p'; the rays aE and bE only 
appear to. Hence the image is called a virtual image. 

d. The image of an object consists of the images of all its 
points. 

Thus, in Pig. 162, let MM represent a section of a plane 
mirror, and Pb a candle in front of it. Draw two rays from 

P to the mirror, and erect per- 
^Sh p pendiculars, c and d, at the points 
^s^/ fi of incidence. You thus find the 
^"°^o angles of incidence. Then draw 
^^2 two rays to make equal angles 

§L ^^ on the other side of c and d. 
v ^^ Prolong these rays backward to 
\ find the image, P' } of the tip. 

\ Next trace two rays from a 
Fi». 162. point, b, on the base of the can- 

dle in the same way, and prolong them backward to find the 
image of b at b\ Now the images of all points of the candle 
between the extreme points P and b would lie between P* and 
b 1 . In fact, there is an image of every point of the candle, and 
these images are arranged in the same order as the points 
themselves, and constitute the image of the candle. 

Experiment 92. — Object. To compare an object with its image in a 
plane mirror. 

1. As to size by measurements. 

2. As to distance from tbe reflecting surface by measurements. 

3. As to lateral inversion by inspection. 

Apparatus. The mirror (Fig. 163) consists of a sheet of plate glass 
(window glass is often warped so that its surface is not a plane mirror). 
One end rests in a saw-cut in a block of wood, and care should be taken 
to make the glass vertical. A meter bar, ro, a candle, a screen, C*, and a 
bottle filled with water, are required. The room need not be darkened. 
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Operations. Put the meter bar under the glass C, as shown. Stand 
the lighted candle on the bar in front. Looking through C from the 
candle side, you should see the. image of the candle. 

Put the bottle of water on the bar behind C ; move the candle along 
the bar, and swing the bar sidewise, if necessary, until the image appears 
to be inside the bottle of water. Now compare the image with the 
flame, — as to size, and distance from the mirror. 



4 




^uuuvuuuw: 



Fig. 163. 

But to be more exact : Substitute the screen C for the bottle ; place 
it and the flame with their centers over the middle line of the bar, and 
make the bar perpendicular to the mirror. Move the candle until its 
image seems to be accurately fixed on C". Note the distances from the 
front surface of the glass to the center of the flame and to the brighter 
of the two images. Repeat with different distances. One can use an 
unlighted candle, of the same height as the other, in place of C. Move 
the flame until its image is on the wick of the unlighted candle. 



Number of Trials. 


Distance of Flame. 


Distance of Image. 


Relative Sizes. 


1 
2 
3 









Look toward the candle from the mirror ; mark its right-hand side ; 
see whether the mark appears on the right-hand side of the image. 
Remember, if you can, whether your image in a mirror is likewise 
reversed. 

e. An image formed by a plane mirror is virtual. It is of 
the same size as the object, just as far behind the mirror as 
the object is in front, with every point exactly opposite the 
corresponding point of the object. 
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/. Multiple images, — more than one image of one object 
at the same time, — may be obtained by plane mirrors. Two, 
and often more, are sometimes seen in a single mirror. The 
front surface of the glass reflects light enough to produce one 
image, and the larger part of the light, which goes through the 
glass, is reflected from the mercury surface behind, and yields 
a brighter image. When the glass is thick, the two may be 
quite separate. Try a hand glass with a candle flame, or, 
better, a bright star. Even unsilvered window glass gives the 
double image by reflection from both surfaces (Experiment 92). 

g. But multiple images are produced to the best advantage 
by the use of two or more mirrors, as may be found by the 
following experiment : 

Experiment 93. — Place two looking-glasses on the table, inclined to 
each other at, say, 60°, and stand a lighted candle between them. A 

circle of images may be seen in the 
mirrors (Fig. 164), and the number 
will increase or diminish as the 
angle is made smaller or larger. 
One's own face may be the object, 
and the curious relation of the im- 
ages in pairs will be more marked. 

h. Multiple images are pro- 
duced by repeated reflections. 
Thus the light of the candle 
covers both mirrors. Some of 
the rays being reflected from 
each mirror enter the eye, and 

Tig. 164. , J . 

produce the first two images 
in the circle. Other rays are reflected from one mirror against 
the other, which then reflects them to the eye; by this double 
reflection the second two images in the circle are produced, 
and by a threefold reflection, the eye sees the third pair. 

t. The kaleidoscope produces beautiful color effects by mul- 
tiple reflection. It consists of three strips of looking-glass, 
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encased in a tube, with their edges together at an angle of 
60°. Bits of colored glass are placed loosely between two 
disks, — one of them of ground glass, the other clear, — which 
close one end, while a cap with a small hole closes the other. 
Looking through the small hole toward a source of light, one 
sees the numerous images of the bits of glass arranged in sym- 
metrical patterns of great beauty, changing marvelously with 
movements of the instrument. 

149. Concave Spherical Mirrors. — a. The inside of a bright 
silver spoon is concave, and curious images may be discovered 
therein : It is a conGave mirror (§ 147, d). A polished concave 
surface of any form is a concave mirror, but the most common 
and useful are spherical. A spherical concave mirror is a pol- 
ished portion of the inside surface of a hollow sphere. 

The reflection of a beam of light by a spherical coneave 
mirror may be studied as follows: 

Experiment 94. — Hold a concave mirror across a beam of sunlight in 
a darkened room, so that the central ray is perpendicular to the mirror 
at its middle point (Fig. 166). Look for a luminous point, on the central 
ray, into which the reflected rays are gathered, and from which they again 
diverge. Turn the mirror a little out of the perpendicular ; look to see 
this focus (§ 139, c) move out of the incident beam. The slightest inclina- 
tion carries the focus away from the central ray. 

b. Fig. 165 represents a section of a concave mirror as a 

portion of the inner surface of a hoi- ^ ^ 

low sphere whose center is C. Fig. f 

166 represents in section the reflec- J \ 

tion of sunlight when a concave mir- /Ll_jr c b \ 

ror is perpendicular across the beam. [|s ""^ +-. 

Fig. 167 represents the reflection of \ / 

sunlight when a concave mirror is \ / 

held obliquely across the beam. **-- -'' 

These three figures are intended to Flg * lft5 * 

illustrate the form and action of concave mirrors, and to show 
the meaning of the following terms : 
cooley's phys. — 17 
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The center of curvature (C) is the center of the sphere of 
whose surface that of the mirror is a part. The vertex (A) is 
the middle point of the reflecting surface. The principal axis 




Fiff. 160. 

(CA) is a line drawn through the center of curvature and the 
vertex. Any other line (Bs, Fig. 165) drawn through the 
center of curvature to the mirror is called a secondary axis. 
The principal focus (F) is a point on the principal axis almost 
half way between the vertex and the center of curvature. At 




Fig. 167. 

this point all rays parallel to the principal axis, and not far 
away from it, cross after reflection. 

c. The student should be able to represent the reflection by 
a diagram. To do this he must apply the law of reflection, 
i.e., he must construct angles of reflection equal to angles of 
incidence. Thus take one ray from the tip of a candle flame. 
Draw a line pb (Fig. 168) to represent the ray which reaches a 
mirror, M, at b, and find the direction in which it is reflected. 
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To find the angle of incidence, erect a perpendicular to the 

mirror at 6. Now, a line from any point of a spherical surface 

to the center of curvature is 

perpendicular to the surface at 

that point Hence draw the 

dotted line be. Then pbc is 

the angle of incidence. Draw 

bp' y making an equal angle on 

the other side of be, and bp* 

is the direction of the reflected ray. In this way one can trace 

the reflection of any ray or any number of rays. 

d. Every ray that passes through the center of curvature to 
the mirror must pass back through the center of curvature 
after reflection, because the angle of incidence is zero. 

Every ray that goes parallel to the principal axis on its way 
to the mirror, if it is not too far away from the axis, must go 
through the principal focus after reflection (§ 149, b). 

These two facts will enable us very often to simplify our 
diagrams by omitting the perpendiculars. We may, for ex- 
ample, trace the reflection of a pencil of light from the tip of 
a candle flame as follows : 

Choose a center, C (Fig. 169) ; draw an arc, MM, to represent 
the mirror ; draw the principal axis, AC, and mark the principal 
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focus, F, half way from A to C. Let P represent the tip of the 
flame. Take two rays to represent the pencil that covers the 
mirror, — one, Pb, as if it had come through (7, the other, Pd, 
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parallel to the principal axis, CA. The former, Pb, will be 
turned back upon itself, and go on through C toward E after 
reflection. The latter, Pd, will be reflected through F and on 
toward E. The two reflected rays cross each other at P. 

150. Images by Concave Mirrors. — a. Concave mirrors pro- 
duce real images. Thus if the eye is placed at E (Fig. 169), 
the light from the tip of the flame, after being reflected by 
M 9 would appear to have come from P ; hence P' is the image 
of P. It is a real image, for the light actually does go from 
it to the eye after reflection (compare § 148, c). If a sheet of 
white paper is placed at P, the image of the flame will be seen 
lying upon it. 

Experiment 95. —Object* To obtain the real image of a candle flame 
by a concave mirror. 

Place the mirror, M (Fig. 170), facing the screen, £, at a distance of 
about 1 m., and a lighted candle, C, near by. The candle and the screen 
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should be on opposite sides of a line BC, perpendicular to the plane of 
the mirror. The room should be partially darkened. Then move C 
slowly away from M. When the proper distance is reached, the real 
image of the candle flame will be clearly defined on L. 

Experiment 96. —Object. To find the focal length of a concave mirror. 

Place the mirror across a beam of direct sunlight in a room partially 
darkened, as shown in Fig. 167, except that its inclination to the beam is 
much less than represented. Move a cardboard screen back and forth in 
the reflected pencil until the spot of light / — the image of the sun — is as 
small as it can be made, and then measure its distance from the vertex, 

of the mirror. Rays of light from an object so distant as the sun are 
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nearly parallel, and the spot /, on the screen, is nearly in the principal 
axis of the mirror. Hence its distance from the vertex is nearly the focal 
length of the mirror. 

The optical bench may be used with advantage in making this experi- 
ment. The bench may be inclined so as to make the mirror face the 
sunbeam. 

Experiment 97. —Object. To find what changes in the image are pro- 
duced by changing the distance of the object from the mirror. 

Mount a small concave mirror on one end of an optical bench ; it may 
be bound by rubber bands to one of the supports. Place a screen on the 
table at one side of the other end of the bar. Stand the candle on the 
other side of the bar and near the mirror. The room should be partially 
darkened. 

1. Move the candle toward the screen until its image is sharply de- 
fined. The image will be brighter if it is shielded from the direct light of 
the candle. Observe whether the distance of the candle from the mirror 
is greater or less than the focal length of the mirror found by Experi- 
ment 96. Note the fact, and also note whether the image is larger or 
smaller than the object. Move the candle outward a little further, and 
observe that the image is blurred. Then move the screen toward the 
mirror until the image is sharply defined on the screen again, and note 
the change in the image due to the change in the position of the candle. 

2. Find a place for the candle, c, which requires the screen to be at 
an equal distance from the mirror, and where the image, t, is of the 
same size as the candle itself. The distance from the vertex of the 
mirror to the midway point on the bar, between the candle and its image, 
is twice the focal length, AF, of the mirror. Record the facts in a table, 
thus: 



Distance of c from M. 


Distance of i from M. 


Size of i. 


Erect or Inverted. 


2xAF 


2 xAF 


Equal to c 


Inverted 



Make the distance of the candle more than 2 x AF. Note in the same 
table the distance of the image as more or less than 2 x AF, and also the 
other two facts in their proper columns. 

Make the distance of the candle less than 2 x AF, and note all the 
facts. Finally place the candle at a little less than the focal length, AF, 
from the mirror, and try to find a place for the screen where the image 
will be as sharply defined as before. If you are unable to find such a 
place, it will show that, in this case, no real image is formed within 
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reach. Bat look into the mirror and observe a well-defined erect image 
larger than c and behind the mirror. Of coarse this image is virtual. 
Note the facts in the table. 

b. The real images are explained by diagram (Fig. 171). 
M represents the mirror, C its center of curvature, F its prin- 
cipal focus, and AF its focal length. Lt is the candle. Two 

M 
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rays from L, — one, Ld, in line with the radius of the mirror, 
the other, Le, parallel to the principal axis, — are reflected, 
Ld back through C, and Le through F; they cross each other 
at C\ which is the image of L (a). Likewise two rays from t, 
shown by dotted lines, after reflection cross each other at V, 
which is the image of t The images of points between L and 
t would lie between O and t\ Hence C't' is the image of the 
candle. 

c The virtual images are explained by diagram (Fig. 172). 





Fig:, m. 

Two rays, bd and be (§ 149, d), from the base of the candle, after 
reflection pass one through C and the other through F. These 
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reflected rays diverge ; tliey would never cross each other, but 
if they enter an eye placed in the direction of E, they would 
appear to have come from V behind the mirror. Likewise rays 
from the tip of the flame would diverge after reflection, and 
appear to have come from behind the mirror. Hence the image 
complete is behind the mirror. 

d. The description of images formed by concave spherical 
mirrors may be summed up as follows : 

Case L When an object is placed at less than the focal 
length in front of a concave mirror, the image is virtual, erect, 
larger, and more distant than the object. 

Case II. When an object is placed between the principal 
focus and the center of curvature of a concave spherical mir- 
ror, the image is real, inverted, larger, and more distant than 
the object. 

Case III When an object is beyond the center of curvature 
of a concave spherical mirror, the image is real, inverted, 
smaller, and less distant than the object. 

151. Images by Convex Mirrors. — The image formed by a 
convex mirror is always virtual, erect, and smaller and less 




Fig. 173. 



distant than the object. These facts should be studied with 
the mirror in hand, and then explained as follows : 

In the diagram (Fig. 173) M represents a convex mirror 
whose center of curvature is C, principal axis CA, and principal 
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focus F. Bt represents the object, and BV its image. 67 
tracing two rays from each extreme point of the object (§ 149, d), 
they are found to diverge after reflection. To an eye which 
receives them, they would appear to have come from B 1 and V. 



REFRACTION OF RADIANT ENERGY. 

152. Division of the Beam — a. We have seen that when a 
pencil of radiant light or heat reaches the surface of a body, 
it is divided into two parts (§ 145, a). In this section we 
neglect the reflected part, already considered, and study the 
part which enters. 

b. The radiant energy which enters a transparent body is 
divided into two portions. One part goes through and emerges 
as radiant energy ; the other part is arrested by the molecules, 
and remains in the body as molecular energy (§ 90, e). For 
example : A lamp chimney transmits light, and is at the same 
time heated by energy from the flame within. The heat is 
the energy that is arrested by the molecules of the glass. 

For the present we neglect the part which is arrested, or 
absorbed, and attend to that which is transmitted. 

153. Refraction. — a. Whenever light passes obliquely from 
one medium into another whose density is different, its direc- 
tion is changed (Fig. 158). This change in direction is called 
refraction. 

In Fig. 174, 1., let a represent a ray in air which reaches the 
surface of water at i. It is bent, or refracted, at that point, 
and goes on through the water in a new direction, ib. The ray 
ai is the incident ray ; ib is the refracted ray, and i is the point 
of incidence. 

Let nn 9 be drawn perpendicular to the refracting surface at 
the point of incidence, t. Then ain is called the angle of inci- 
dence, and bin ' is called the angle of refraction. The angle of 
refraction is always in the medium into which the energy goes. 
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The angle bic shows how much the direction -of the ray is 
changed ; it is therefore called the angle of deviation. Resort 
to the apparatus if you would more clearly perceive the mean- 
ing of these terms. 




Fig. 174. 



Proceed as directed in Experiment 90 (§ 145), and having thus 
obtained the incident and refracted beams i and e, hold a straight and 
slender wire vertically in the water at the place where the incident light 
strikes the surface, and ask yourself the following questions : What is 
the angle of incidence ? What is the angle of refraction ? Which is the 
larger, the angle in the rarer or that in the denser medium ? Would this 
be true if the light were to strike the water more or less obliquely ? 

b. The angle in the denser medium is always the smaller angle 
of the two. Thus if light passes from air into water, the angle 
of refraction is less than the angle of incidence ; but if light 
passes from water into air, — a ray bi, for example, — the angle 
of refraction is larger than the angle of incidence. Thus ain 
is larger than b in'. These facts enable us to see which way 
light is bent in passing from one medium into another, but 
they do not enable us to say how much bending occurs. 

c. The exact relation of the angles is illustrated by Fig. 174, 
II. Take the point of incidence, i 9 as a center, and, with any 
radius, describe a circle. Draw the dotted perpendicular nn 1 , 
and from c, where a cuts the circumference, draw the line cs 
perpendicular to nn'. Also, from d, where ib cuts the circum- 
ference^ draw ds' perpendicular to nn\ Now the length of cs 
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divided by the length of ds' will give the same quotient for all 
possible rays traversing these two substances. 

d. SneWs law of refraction states the relation more precisely. 
Thus if the radius, in, is unity, then cs is called the sine of 
the angle of incidence, and ds 1 the sine of the angle of refraction, 
and Snell's law is stated as follows : The quotient found by 
dividing the sine of the angle of incidence by that of the angle 
of refraction is a constant value so long as the two media are 
unchanged. Written briefly the law stands: 



sin t 
sinr 



= n. 



The constant quotient, w, is called the index of refraction. 
Any change in density of either medium fixes a new index of 
refraction. 

A second part of the law of refraction states that the incident 
and refracted rays are in the same plane as the perpendicular. 

e. Since the rays of light are bent in passing from one me- 
dium to another, it follows that what we see, when looking 
through transparent substances, are the images of objects 
beyond, and not the objects themselves. If a straight stick 

is partly immersed in still 
water, it will look bent at 
the surface of the water. 
Try this, with a lead pen- 
cil and beaker of water, 
and study the fact by 
means of a diagram (Fig. 
175). The true place of 
the stick under water is 

shown by the dotted lines. 
m e . 175. The pg^i! of lignt which 

comes from the lower end is bent when it emerges from the 
water and proceeds to the eye, which traces it back as if it had 
not been bent, so that it appears to have come from a point 
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above that from which it started. Hence it is not the stick 
which is seen in the water, but its image. In looking through 
glass we see images instead of real objects. 

Water does not appear to be as deep as it really is because 
the light which comes from the bottom is bent at the surface, 
and we see an elevated image of the bottom. Even when one 
looks vertically into the still, clear water of a lake it does not 
seem to be as deep as it really is, because all the rays in the 
pencil of light which comes from any point, except the middle 
ones, are bent at the surface. Thus the point o, at the bottom 
(Fig. 176), appears to be at some higher point, o'. The diagram 
exaggerates the effect. 





Fig. 177. 



154. Refraction explained. — The refraction of radiant energy 
is due to the difference in speed with which it traverses the 
two substances. Michelson, by experiments made at Cleveland 
in 1883, proved that light goes 1.33 times faster in air than 
in water. And, in general, ether waves go more slowly in a 
denser medium. 

A change in speed must cause a change in the direction of a 
wave. Thus let AB (Fig. 177) represent the surface of water, 
and w a wave with a plane front, pf(§ 139, c), passing toward 
it through air. The point i of this wave front must enter the 
water first, and will be traveling in water while c is traveling 
in air from ctod But c goes 1.33, or f , times faster than i, 
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divided by the length of ds' will give the same quotient for all 
possible rays traversing these two substances. 

d. SneWs law of refraction states the relation more precisely. 
Thus if the radius, in, is unity, then cs is called the sine of 
the angle of incidence, and ds 1 the sine of the angle of refraction, 
and Snell's law is stated as follows : The quotient found by 
dividing the sine of the angle of incidence by that of the angle 
of refraction is a constant value so long as the two media are 
unchanged. Written briefly the law stands: 

sin i 

— — = n. 
sinr 

The constant quotient, n, is called the index of refraction. 
Any change in density of either medium fixes a new index of 
refraction. 

A second part of the law of refraction states that the incident 
and refracted rays are in tlie same plane as the perpendicular. 

e. Since the rays of light are bent in passing from one me- 
dium to another, it follows that what we see, when looking 
through transparent substances, are the images of objects 
beyond, and not the objects themselves. If a straight stick 

is partly immersed in still 
water, it will look bent at 
the surface of the water. 
Try this, with a lead pen- 
cil and beaker of water, 
and study the fact by 
means of a diagram (Fig. 
175). The true place of 
the stick under water is 
shown by the dotted lines. 
Fl * 175 ' The pencil of light which 

comes from the lower end is bent when it emerges from the 
water and proceeds to the eye, which traces it back as if it had 
not been bent, so that it appears to have come from a point 
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above that from which it started. Hence it is not the stick 
which is seen in the water, but its image. In looking through 
glass we see images instead of real objects. 

Water does not appear to be as deep as it really is because 
the light which comes from the bottom is bent at the surface, 
and we see an elevated image of the bottom. Even when one 
looks vertically into the still, clear water of a lake it does not 
seem to be as deep as it really is, because all the rays in the 
pencil of light which comes from any point, except the middle 
ones, are bent at the surface. Thus the point o, at the bottom 
(Fig. 176), appears to be at some higher point, o'. The diagram 
exaggerates the effect. 





Fig. 176. 



Fig. 177. 



154. Refraction explained. — The refraction of radiant energy 
is due to the difference in speed with which it traverses the 
two substances. Michelson, by experiments made at Cleveland 
in 1883, proved that light goes 1.33 times faster in air than 
in water. And, in general, ether waves go more slowly in a 
denser medium. 

A change in speed must cause a change in the direction of a 
wave. Thus let AB (Fig. 177) represent the surface of water, 
and w a wave with a plane front, p/(§ 139, c), passing toward 
it through air. The point i of this wave front must enter the 
water first, and will be traveling in water while c is traveling 
in air from c to d. But c goes 1.33, or f , times faster than t, 
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divided by the length of ds' will give the same quotient for all 
possible rays traversing these two substances. 

d. SneWs law of refraction states the relation more precisely. 

Thus if the radius, in, is unity, then cs is called the sine of 

the angle of incidence, and ds 1 the sine of the angle of refraction, 

and SnelPs law is stated as follows : The quotient found by 

dividing the sine of the angle of incidence by that of the angle 

of refraction is a constant value so long as the two media are 

unchanged. Written briefly the law stands: 

sin i 

— — = n. 

smr 

The constant quotient, n, is called the index of refraction. 
Any change in density of either medium fixes a new index of 
refraction. 

A second part of the law of refraction states that the incident 
and refracted rays are in the same plane as the perpendicular. 

e. Since the rays of light are bent in passing from one me- 
dium to another, it follows that what we see, when looking 
through transparent substances, are the images of objects 
beyond, and not the objects themselves. If a straight stick 

is partly immersed in still 
water, it will look bent at 
the surface of the water. 
Try this, with a lead pen- 
cil and beaker of water, 
and study the fact by 
means of a diagram (Fig. 
175). The true place of 
the stick under water is 
shown by the dotted lines. 
Fl «- 175 ' The pencil of light which 

comes from the lower end is bent when it emerges from the 
water and proceeds to the eye, which traces it back as if it had 
not been bent, so that it appears to have come from a point 
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above that from which it started. Hence it is not the stick 
which is seen in the water, but its image. In looking through 
glass we see images instead of real objects. 

Water does not appear to be as deep as it really is because 
the light which comes from the bottom is bent at the surface, 
and we see an elevated image of the bottom. Even when one 
looks vertically into the still, clear water of a lake it does not 
seem to be as deep as it really is, because all the rays in the 
pencil of light which comes from any point, except the middle 
ones, are bent at the surface. Thus the point o, at the bottom 
(Fig. 176), appears to be at some higher point, o'. The diagram 
exaggerates the effect. 





Fig. 177. 



154. Refraction explained. — The refraction of radiant energy 
is due to the difference in speed with which it traverses the 
two substances. Michelson, by experiments made at Cleveland 
in 1883, proved that light goes 1.33 times faster in air than 
in water. And, in general, ether waves go more slowly in a 
denser medium. 

A change in speed must cause a change in the direction of a 
wave. Thus let AB (Fig. 177) represent the surface of water, 
and w a wave with a plane front, pf (§ 139, c), passing toward 
it through air. The point i of this wave front must enter the 
water first, and will be traveling in water while c is traveling 
in air from c to d. But c goes 1.33, or f , times faster than t, 
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divided by the length of ds' will give the same quotient for all 
possible rays traversing these two substances. 

d. SneWs law of refraction states the relation more precisely. 
Thus if the radius, in, is unity, then cs is called the sine of 
the angle of incidence, and ds 1 the sine of the angle of refraction, 
and Snell's law is stated as follows : The quotient found by 
dividing the sine of the angle of incidence by that of the angle 
of refraction is a constant value so long as the two media are 
unchanged. Written briefly the law stands: 



sin i 
sinr 



= n. 



The constant quotient, n, is called the index of refraction. 
Any change in density of either medium fixes a new index of 
refraction. 

A second part of the law of refraction states that the incident 
and refracted rays are in the same plane as the perpendicular. 

e. Since the rays of light are bent in passing from one me- 
dium to another, it follows that what we see, when looking 
through transparent substances, are the images of objects 
beyond, and not the objects themselves. If a straight stick 

is partly immersed in still 
water, it will look bent at 
the surface of the water. 
Try this, with a lead pen- 
cil and beaker of water, 
and study the fact by 
means of a diagram (Fig. 
175). The true place of 
the stick under water is 

shown by the dotted lines. 
Fig. 175. The p^u of light w hi cn 

comes from the lower end is bent when it emerges from the 
water and proceeds to the eye, which traces it back as if it had 
not been bent, so that it appears to have come from a point 
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above that from which it started. Hence it is not the stick 
which is seen in the water, but its image. In looking through 
glass we see images instead of real objects. 

Water does not appear to be as deep as it really is because 
the light which comes from the bottom is bent at the surface, 
and we see an elevated image of the bottom. Even when one 
looks vertically into the still, clear water of a lake it does not 
seem to be as deep as it really is, because all the rays in the 
pencil of light which comes from any point, except the middle 
ones, are bent at the surface. Thus the point o, at the bottom 
(Fig. 176), appears to be at some higher point, o'. The diagram 
exaggerates the effect. 





Fig. 177. 



154. Refraction explained. — The refraction of radiant energy 
is due to the difference in speed with which it traverses the 
two substances. Michelson, by experiments made at Cleveland 
in 1883, proved that light goes 1.33 times faster in air than 
in water. And, in general, ether waves go more slowly in a 
denser medium. 

A change in speed must cause a change in the direction of a 
wave. Thus let AB (Fig. 177) represent the surface of water, 
and w a wave with a plane front, p/(§ 139, c), passing toward 
it through air. The point i of this wave front must enter the 
water first, and will be traveling in water while c is traveling 
in air from c to d But c goes 1.33, or f , times faster than i, 
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so that when c has reached d, i has gone only } as far, — to 
i\ Hence i'd becomes the wave front in the water. This 
new wave front faces toward r instead of in the direction 
in which the wave was going in the air. If the wave were 
going from water into air, it would be swung around the other 
way, because it would go | as fast in air as in water. 

155. Direction of Transmitted Rays. — a. The directions of 
rays after passing through a transparent body depend on the 
shape of that body, as well as on the index of refraction. 
Plates, prisms, and lenses are three typical forms. 

A plate is a transparent body whose opposite sides are plane 
and parallel (Fig. 178). A prism is a transparent body whose 
opposite sides are plane but not parallel (Fig. 179). A lens is 
a transparent body of whose two opposite surfaces, at least 
one is curved (Fig. 180). 

Experiment 98. — Use a rectangular paper weight as the plate to be 
used. Hold a lead pencil behind the paper weight, and look through the 
glass obliquely toward it. That part of the pencil which is behind the 
glass appears to be cut out and displaced (Fig. 178, I.). 





Fig. 178. 

The fact is that the rays from each point of the pencil are bent when 
they enter the glass, and they are bent the other way just as much when 
they emerge. Hence every emergent ray is parallel, but not coincident, 
with its incident ray. Trace the course of a ray from one point for illus- 
tration. The ray pa (Fig. 178, II. ), on entering the denser glass makes an 
angle of refraction less than the angle of incidence (§ 153, 5), and then on 
emerging at b it makes an angle of refraction greater than its angle of 
incidence. The displacement of the rays which enter the eye, E, causes 
a virtual image of p in the direction EpK In the case of a thinner plate, 
like window glass, the displacement is proportionally less. 
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Experiment 99. — Use a glass triangular prism. The angle formed by 
the intersection of two plane surfaces of the prism is called the refracting 





Fig. 179. 

angle (see r, Fig. 179, I. and II.) ; and the surface, b, opposite r, is 
called the back. 

Fix the prism upright, and look obliquely toward its refracting angle, 
while you hold a lead pencil on the other side near the back. That part 
of the pencil which is behind the prism appears to be cut out and dis- 
placed (I.). The fact is that the rays from each point of the pencil are 
bent toward the back, when they enter the prism, and they are again 
bent toward the back or in the same way, when they emerge. Hence 
the emerging rays are not parallel to the incident rays, and the displace- 
ment is greater than if the sides were parallel. In Fig. 179, II., mnr 
represents a section of a prism, and p a section of the lead pencil. The 
paths of two rays from p are shown. Trace them according to the law 
of refraction. They enter the eye at E, and appear to come from p'. 
Hence p 1 is the virtual image of j>. 



Fig. 180* 



V.7VVA 



Experiment 100. — Use a convex lens. Place a lighted candle at one 
end of a meter bar (optical bench) and a white screen at the other. 
Then hold a convex lens, I (Fig. 180), between the two. Beginning near 
the candle move the lens toward the screen. A place may be found, 
in fact two places, where a well-defined inverted real image will be 
formed upon the screen. The fact is that the rays from each point of 
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the flame are bent toward the middle of a convex lens when they enter 
it, and again in the same direction when they emerge. After refraction 
the rays converge to a point on the screen, and the screen reflects them to 
the eye. Hence the image is seen on the screen. 

b. Let LL (Fig. 181) represent a section of the convex lens, 
c the center of curvature of the right-hand surface, c' that of 
the left-hand surface, and t the tip of the flame. Carefully 
trace two rays from t. The dotted line from c is perpendicular 
to the surface at the point where one of them enters, and that 
from c' is perpendicular to the surface where it emerges. On 
entering the glass the angle of refraction must be less than 



Fir. lsi. 

the angle of incidence (§ 153, b) ; on emerging, the angle of 
refraction must be greater than the angle of incidence. Hence 
the ray is bent toward the axis of the lens at both surfaces. 
So likewise is the other ray, as shown, and thus the two con- 
verge to the screen at t\ At V they are reflected to the eye, 
which thus beholds the image on the screen. If S were a 
mirror, the eye would need to be placed at E, but being a 
rough surface it reflects the rays irregularly (§ 147, a), and the 
image is visible from all places in front. 

156. Lenses. — a. There are six typical forms of lenses; 
they are represented in sections in Fig. 182. The centers of 
curvature of opposite faces are c and c'. A line, ace', drawn 
through the centers of curvature, is called the principal axis, or 
often briefly, the axis. Fig. 182 shows not only the shape of 
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each variety of lens, but also its name and its effect on parallel 
rays. It will be seen that such rays are made converging by 
some and diverging by others. All the facts exhibited by this 
tabular view of the lenses should be carefully studied out. 



Double Convex. — Parallel rays be- 
come converging by refraction. 

Piano Convex. — Parallel rays be- 
come converging by refraction. 

Concavo Convex. — Parallel rays 
become converging by refraction. 

Double Concave. — Parallel rays 
become diverging by refraction. 

Piano Co ncave.-— Parallel rays be- 
come diverging by refraction. 

Convexo Concave. — Parallel rays 
become diverging by refraction. 



Fig. 183. 

b. The six varieties of lens are included in two classes : There 
are the thin-edged, or converging, lenses, 1, 2, 3, and the 
thick-edged, or diverging, lenses, 4, 5, 6. Thin-edged lenses, 
in most cases, produce real foci (F). Thick-edged lenses, in 
all cases, produce virtual foci (F). These facts are shown in 
the cut. 

c. The optic center of a lens is a point on the principal axis 
such that any ray passing through it is equally bent, and in 
opposite directions, at the two surfaces. For these rays the 
lens is equivalent to a plate (§ 155, a). Thus the ray AB 
(Fig. 183) is refracted at a, and then at b, and bB is parallel to 
Aa. Now the point o where this ray crosses the principal axis 





272 RADIANT ENERGY — HEAT AND LIGHT. [§ 166. 

is the optic center; but the displacement of a ray passing 
through the optic center of a thin lens is so slight that it 
may be neglected in the construction of diagrams. The curva- 
ture of most lenses is slight, 
much less than is represented in 
the diagrams. Any line passing 
through the optic center of a 
lens is called a secondary axis. 1 
d. The principal focus, F, of 
*" ' a lens is the focus of rays 

which reach the lens parallel to and near the principal axis 
(Fig. 182). The focal length of a lens is the distance of its 
principal focus from the lens. 

Conjugate foci are two points so related that light going from 
either one will be directed toward the other after refraction. 
In Figs. 180 and 181, t and t' are conjugate foci. So likewise 
are p and p* (Fig. 179). Thus a point and its image are conju- 
gate foci. 

Experiment 101. — Object. To find the focal length of a convex, or 
thin-edged, lens. 

Mount the lens on an optical bench, and place it squarely across a sun- 
beam in a partially darkened room. Mount a screen behind the lens, and 
change the distance between them until the image of the sun is as small 
as it can be made. The distance between the image and the optic center 
of the lens is the focal length. If the lens is quite thin, the thickness of 
the glass may be neglected without sensible error. Try a plano-convex 
lens, first with its plane side, then with its convex side, toward the inci- 
dent light. Note the difference. 

In the absence of a sunbeam, direct the face of the lens toward a dis- 
tant object, such as a tree or cloud, seen through a window, and receive 
its image on the screen. Make the image as sharp as possible. Its 
distance from the lens is nearly the focal length sought. 



1 If the lenses 1 and 4 (Fig. 182) have equal curvatures, their optic centers 
are midway between the surfaces. In lens 2 the optic center is on the convex 
surface. In lens 5 it is on the concave surface. In lenses 3 and 6 it is out- 
side the surfaces. 
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Experiment 102. — Object. To ascertain what changes in an image 
are due to changes in the distance of the object from a convex lens. 

I. Mount a lighted candle on one end of an optical bench. Mount the 
lens at a distance from the candle equal to twice the focal length (d) of 
the lens. Then find a place for the screen where the image is most 
sharply defined. Describe the image by stating four facts : 

1. Whether it is real or virtual. 

2. Whether it is erect or inverted. 

3. Whether its distance from the lens is more or less than twice the 
focal length. 

4. Whether it is larger or smaller than the object. 

II. Place the lens at a distance from the candle a little greater than its 
focal length. Sharpen the image by moving the screen, and describe it as 
before. Move the lens gradually until it is again at twice its focal length 
from the candle, and describe the changes in the image. 

III. Make the distance between the lens and candle a little greater than 
twice the focal length of the lens ; sharpen the image and describe it in 
full. Move the lens gradually to greater distances, until the image when 
sharply defined is as small as it can be made, and describe the changes 
which it has undergone. Also note its distance from the lens, and com- 
pare it with the focal length of the lens. 

IV. Make the distance between the lens and candle a little less than 
tine focal length of the lens, and try to find a sharply defined image by 
moving the screen. You should thus prove that no real image is formed 
in this case. But look from the candle side toward the lens, and observe 
a sharply defined image beyond. Describe this image in all respects. 

e. One can best explain the production of the image in each 
case by means of a diagram. Four facts enable him to make 
the construction ; 

1. The image of a point is its conjugate focus. 

2. Two rays diverging from a point represent all the rays 
from that point. 

3. The refraction of the ray which passes through the optic 
center of a lens may be neglected. 

4. A ray parallel to the principal axis goes through the 
principal focus after refraction. 

Thus for Case II., let L (Fig. 184) represent a convex lens, 
with its principal axis, xx, its optic center, o, and its principal 
foci, F and F 1 , and let the object be a small arrow, ab, at less 
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than twice the focal distance from the lens. From the head 
of the arrow draw two rays, one directly through o, neglect- 
ing its refraction, and the other, at, parallel to xx. The latter 
is so bent by the lens that it goes on through F. These two 
rays converge and cross each other at A, which is the con- 




Fig. 184. 

jugate focus, or image, of a. So, likewise, two rays from the 
other extremity of the arrow, one through o, the other parallel 
to xx, cross at B, which is therefore the image of b. Since 
points between a and b must have images between A and B y 
AB must be the image of the arrow. 

/. The descriptions of images obtained by the use of con- 
verging lenses are included in the following summary : 

Case I. When a lens is at twice its focal length from an 
object, a real image is formed at twice the focal length on the 
other side, inverted and the same size as the object. 

Case II. When a lens is between once and twice its focal 
length from an object, a real image is formed at more than 
twice the focal length on the other side, inverted and enlarged. 

Case III When a lens is at more than twice its focal length 
from an object, a real image is formed between once and twice 
the focal length on the other side, inverted and reduced in size. 

Case IV. When a lens is at less than its focal length from 
an object, a virtual image is formed on the same side, erect and 
enlarged. 

157. Spherical Aberration. — a. The principal focus of a lens 
is the focus of rays which are not only parallel to the axis but 
also near to it. Those rays which pass through the lens near 



§158.] REFRACTION OF RADIANT ENERGY. 275 

its edges axe refracted more and cross the axis at a point 
nearer the lens. This production of different foci of the same 
pencil of rays by different 




Fig. 185. 



parts of a lens, is called c 

spherical aberration. Thus a 

the rays a and b (Fig. b 

185), lying near the prin- 

cipal axis, are refracted 
through the principal fo- 
cus, F. But the rays c and d are refracted through / In 
fact, the deviation increases as the rays lie further from the 
axis, and their foci are distributed all along between F and /. 

b. The effect of spherical aberration is to blur the details 
of the image. Hence spherical aberration is a serious fault 
of lenses which are used in optical instruments. It may be 
corrected partly by using a diaphragm, i.e., a screen with a 
hole in the center to permit only the light near the axis to 
enter the lens. The correction is more perfectly accomplished 
by making the curvature of the lens less near its edges than 
near the middle. A lens corrected for spherical aberration 
is said to be aplanatic. 

158. Optical Instruments with Lenses. — a. The simple 
microscope is a convex lens used to produce magnified images 
of small objects. The object is placed at a distance a little 
less than the focal length from the lens (§ 156, /, IV.). 

Thus in Fig. 186, 1., ot represents a small object just within 
the focal distance of the lens, L. By tracing the refraction 
of the rays, as shown, it will be seen that the light from t 
enters the eye as if it came from t\ and that from o, as if it 
came from o'. The enlarged virtual image, o't', is seen instead 
of the object, ot. This is what is meant when it is said that 
the object is magnified. 

It is well known that an object appears larger when its 
distance away is less. In fact, we judge the size of a body 
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by the size of the angle made at the eye by two rays, one from 
each extremity, called the visual angle. If ot (Fig. 186, II.) is 
placed at n/, nearer the eye, E, it would appear to be as large 
as o't 1 at the greater distance, because the visual angle tEo 
becomes the larger angle lEn or t'Eo'. Now a lens magnifies 
by causing the light to enter the eye as it would enter if the 
object were brought nearer to it. 
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Fig. 186. 



b. A minute object can be seen most distinctly when about 
10 or 12 inches from the eye; if brought nearer, it will be 
blurred. Try it. Ten inches is regarded as the average limit 
of distinct vision. What is your limit of distinct vision? So 
a minute object will appear the largest possible when it is 
about that distance from the eye. But a lens bends the rays 
so that they enter the eye as if the object were less than 10 
inches away, and still preserves distinctness. 

The magnifying power of a lens is the ratio of the diameter 
(or length) of the image to that of the object. This is the same 
as the ratio of the distance of the image from the lens to that 
of the object from the lens. In case of the simple microscope, 
it is the same as the ratio of 10 inches — the limit of distinct 
vision — to the focal length of the lens. Thus the magnifying 
power of a simple microscope, whose focal length is \ inch, is 
10 -h \ =s 20 diameters. The dot of an t, viewed with such 
an instrument, would appear to be 20 times as wide as it is. 

c. The compound microscope, in its simplest form, consists 
of two convex lenses placed at opposite ends of a tube* One 
lens, O (Fig. 187), near which the object is placed, is called 
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the objective, and another, P, near which the eye is placed, 
is called the eyepiece. The objective is to form a real and 
enlarged image (a'b 1 ) of the object (§ 156, /, II.), and the eye- 



*r----.. 




piece is to produce a virtual and magnified image (AB) of 
that image (§ 156, /, IV.). Notice where the object must be 
placed; where its image will be; where the eyepiece must 
be placed with respect to this image. 

d. The telescope is an instrument by which to magnify a 
small image produced near by, of an object so far away that 
its details are indistinct. If the small image is made by a 
lens, the instrument is called a refracting telescope, or refrac- 
tor ; if by a concave mirror, the instrument is called a reflect- 
ing telescope. In both classes, the small image is magnified 
by means of a lens. 

6. The astronomical refracting telescope in its simplest form 
consists of two convex lenses. The object glass, O (Fig. 188), 




Fig. 188. 



is that which takes the light from the distant body and pro- 
duces the image, i; the eye glass, E, is that through which 
the eye views the magnified image, 7. The course of the rays 
may be traced in the figure. The object is at so great a dis- 
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tance that the image by the object glass is many times smaller 
(§ 156, /, III.) ; but this image is at a little less than the focal 
length from the eye glass (§ 156, /, IV.), which, therefore, 
magnifies it. 




Tig. 189. 

/. The image in the astronomical telescope is inverted. 
When looking at objects on the earth, it is desirable to render 
the image erect. For this purpose two convex lenses are 
placed near the eye glass. These form a second real image, 
which is inverted with respect to the first and erect with 
respect to the object. This erect image is magnified by the 
eye glass. The spyglass is a telescope of this kind. 

g. The opera glass consists of two telescopes side by side, 
one for each eye. An erect image is obtained in each by the 
use of a concave lens for the eye glass. Kays of light, a, b, 
(Fig. 189) from the top of a distant object, after passing the 
object glass, are received by the concave eye glass, and enter 
the eye, diverging as if they came from the point 7, while rays 
c, from the bottom of the object, after refraction diverge as if 
they came from the point /'. Thus an erect image, //', may 
be obtained. 

h. The optical lantern is an instrument for projecting mag- 
nified images of objects upon a screen. A source of light 
(L, Fig. 190) is inclosed in a dark box. One or more convex 
lenses, called the condenser (C), close an opening in the side 
of the box. The object, which is usually a photograph on 
glass, is placed in front of this lens, and, finally, another 
convex lens, 0, called the objective, is placed in front of the 
object. The condenser collects light from L } and illuminates 
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the object brightly. The objective, placed between once and 
twice its focal length from the object, gives upon the screen a 
real, enlarged, and inverted image (§ 156, /, II.). 



-TL, 




i. The camera is an instrument to form miniature images of 
objects, usually on chemically prepared plates. In principle it 
is a converging lens with the object at a distance greater than 
twice the focal length. It consists of a box made light tight, 
and blackened inside in order to be perfectly dark, with a 
tube (T, Fig. 191) in one end, carrying a convex lens, or a com- 
bination of lenses, and a sheet of glass at the back, which is 
the screen to receive the image. This instrument is used 
chiefly by photographers. Having " focused " the image upon 
it, the photographer removes the screen. He substitutes the 




Fig. 191. 

plate holder, P, and " exposes " the sensitive plate by drawing 
the slide, S. 

159. The Eye. — a. The eye, like the camera, is a light-tight 
chamber with lens and screen. The arrangement of its parts 
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may be understood by attentively studying Fig. 192, which 
represents a vertical section from front to back. The outside 
wall is a hard, tough membrane called the sclerotica (S). It is 
opaque, as seen in the white of the eye, except in front, where 
a portion is transparent and called the cornea (0). Lining the 
walls, except in front, is the choroid coat (K). In front this 
membrane stretches across the space behind the cornea, and 
is called the iris. This is the colored part of the eye, and the 
opening in it is called the pupil. Entering the eye from 
behind is the optic nerve (0), which branches into a network of 
fibers. This network (N) completely covers the surface of the 

choroid, and is called 
the retina. Behind the 
iris is the crystalline 
lens (L), which is more 
convex at the back than 
in front, made of a stiff, 
jellylike substance, 
which increases in den- 
sity toward the center. 
The cavity (V) behind 
Fi * *•»• the lens (L) is filled 

with a transparent, jellylike substance called the vitreous 
humor, and the cavity in front of it is filled with a more 
limpid fluid called the aqueous humor. These three trans- 
parent, lens-shaped substances refract the light which comes 
from objects, and produce images upon the retina (N), which 
are very small, when compared with the objects, and inverted 
(§ 156, /, III.). The energy of the ether waves is expended 
on the extremities of the nerves located in the retina, and 
the nerves transmit it to the brain. What work this energy 
does in the brain we cannot tell, but the mind translates it 
into the sensation of sight. 

b. In order to place the images of all objects sharply upon 




§160.] DISPERSION OF RADIANT ENERGY — COLOR. 281 

the screen, or retina, the crystalline lens is provided with 
muscles by which it can be made more or less convex. When 
more convex, its focal length is less, and it is adapted to 
objects near ; when less convex, its focal length is greater, and 
the images of more distant objects will fall upon the retina. 
In little more than an instant we can change the focal length 
of the lens so that an object miles away, or one only a few 
inches off, will be sharply imaged upon the retina. 

c. But many eyes are defective in the power of adjustment 
to different distances. In some cases the curvature is naturally 
so great that only near objects can be seen distinctly, — the 
images of distant objects falling in the vitreous humor in front 
of the retina. A person with such eyes is nearsighted. In 
other cases the natural curvature of the eye is too small, so 
that light from a near object is not directed to foci on the 
retina but further back ; only distant objects can be seen dis- 
tinctly. A person with such eyes is farsighted. 

Sometimes the curvature of the eye is not perfectly spheri- 
cal ; it is more or less cylindrical in one direction or another. 
In such cases the images on the retina are distorted, being 
elongated in the direction of the length of the cylinder. Such 
eyes are said to be astigmatic. 

These defects are corrected by the use of lenses. Near- 
sighted people use concave glasses to throw the images back 
upon the retina. Farsighted people use convex glasses to 
bring the image forward to the retina. Astigmatism is cor- 
rected by means of cylindrical glasses. 

DISPERSION OF RADIANT ENERGY — COLOR. 

160. Newton's Experiment. — a. In 1676 Sir Isaac Newton 
described a memorable experiment, which may be repeated in 
the following way : 

Through a small round hole in a window shutter permit a 



282 



RADIANT ENERGY— HEAT AND LIGHT. 



[§ 100. 




Fig. 193. 



slender beam of sunlight to enter a darkened room. Across 
the sunbeam ( W, Fig. 193) fix a prism in position to bend the 
light toward a screen, S (Experiment 99). Instead of a round 

or oval white image 
s of the sun, which 

would be found at O 
if the prism were not 
used, there should be 
seen an oblong band, 
vr, glowing with many 
colors. 

b. Newton called 
this sheet of colors 
which he obtained 
from sunlight the solar spectrum. He grouped the colors in 
seven divisions : red, orange, yellow, green, blue, indigo, and 
violet, in their order, beginning with that which is deviated 
(§ 153, a) least. But these colors are not distinctly separated ; 
they shade insensibly from one to another; in fact, there is 
a different tint at every point of the spectrum from end to 
end. 

c. Newton's experiment teaches: 

1. That the sunlight is a compound of many colors. This 
is true of all white light. 

2. That the different colors have different ref rangibilities ; 
red is refracted least and violet most of all. 

The decomposition of light, or the separation of rays of dif- 
ferent refrangibilities by refraction, is called dispersion. 

d. According to the wave theory, the difference in ref rangi- 
bility corresponds to the difference in the wave lengths. The 
longer waves are not so much retarded (§ 154) by the denser 
medium, and, consequently, are not so much turned out of 
their course. The wave lengths have been measured, and that 
of red light hag been found to be about .000076 cm., of violet 
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light about .000040 cm., while those of other colors lie between 
these limits. 

Experiment 103. — Object. To obtain the spectrum of kerosene or gas 
light. 

Mount the following pieces on an optical bench : A card with a hole in 
its center, about .5 cm. in diameter, bound by rubber bands over the hole 
in one of the sliders very near one end of the bar ; a convex lens with 
focal length (§ 156, d) of about 20 cm., supported by another slider, at 
about 30 cm. from the card ; a screen at the other end of the bar. See 
that the hole and the center of the lens are adjusted to equal heights. 
Finally, put a good kerosene lamp, with a flat wick, as near to the card as 
may be, with its flame edgewise toward the card, and the brightest part 
of the flame at the same height as the hole. The darker the room the 
better will the results be. 

Now move the lens until a sharp image of the hole is formed on the 
screen. Fix the prism vertically, very near the lens, on the screen side, 
with its back toward you. Put another screen in place to receive the 
refracted light, and at the same distance as the first from the prism. 
Turn the prism on its axis until the colors appear as bright as they can 
be made. 

e. The spectrum obtained from a circular beam of light is 
not well defined. Its ends are rounded, and its colors are 
mixed, or impure, because it is really composed of many, over- 
lapping spectra. A pure spectrum is one whose colors are 
adjacent, but not overlapping. 

To obtain a pure spectrum we must have : 

1. A very narrow slit, parallel to the edge of the prism, 
instead of a wide opening, to admit the light. 

2. A lens so placed as to form a clearly defined image on 
the screen. 

3. The prism in position of minimum deviation. 

Experiment 104. — Object. To show that with a wide opening a spec- 
trum must be made up of overlapping spectra. 

With a large needle pierce a card with three or four smooth holes in 
a line whose length is about equal to the diameter of the hole used in the 
preceding experiment. Mount this card in front of the flame, with the 
line of holea horizontal, and proceed as in Experiment 103, except that 
you put the spectrum screen nearer the prism and gradually move it away. 



284 



RADIANT ENERGY— HEAT AND LIGHT. 



[§ 160. 



You should discover that each small beam yields its own spectrum, but 
that their colors do not coincide but overlap one another. Now imagine 
the many such small beams in the light which passes through a wide open- 
ing, and the cause of mixed colors in the spectrum is evident. Try with 
the line of holes vertical. Note the difference. 

Experiment 105. — Object. To obtain a pure and real spectrum. 

1. Cut a smooth slit, about 1.5 cm. long and about 1.5 mm. wide (e, 1) 
in a card, and bind the card on a slider of the optical bench, with the slit 
vertical. 

2. Mount a convex lens of about 20 cm. focus on another slider ; place a 
screen at the other end of the bar, and the edge of a kerosene lamp flame 
in front of the slit. Adjust the center of the lens, the center of the slit, 
and the brightest part of the flame, to equal heights. Then move the lens 
until the sharpest possible image of the slit is obtained (<?, 2). 

3. Fix the prism vertically, behind the lens, close to it, with its back 
toward you, or, in general, with its back in the direction in which you 
desire to refract the light, and carry the screen around to receive the 




Fig. 194. 

spectrum, keeping it the same distance from the lens. Slowly turn the 
prism on its axis. If the spectrum on the screen moves toward its violet 
end, or away from w (Fig. 194, 1.), turn the prism the other way. The 
spectrum will then move in the direction of the red end for a time, then 
stop, and, while you turn the prism the same way, the spectrum will 
reverse its motion and go toward the violet. You can find a position for 
the prism such that, when it is turned on its axis either way, it will carry 
the spectrum in the direction of the violet, or make its deviation (§ 153, a) 
greater. That is the position of minimum deviation (e, 3). 

The spectrum should be rectangular in shape, with its ends and edges 
quite well defined, and its colors purer than those obtained in Experi- 
ment 103. 
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Experiment 106. — Object. To obtain a pure but virtual spectrum. 

Place the lens at its focal distance from the slit, then look directly into 
the prism (Fig. 194, II.). Move the eye until the colors enter it. The 
purer spectrum is now seen apparently behind the prism. It is virtual ; 
but its colors are brighter than those of the real spectrum on the screen 
in Experiment 106. If it is too bright for the eye, reduce the flame, or 
use a candle, or even the feebler light of a burning match. 

161. Explanation of Color. — a. Color is a sensation in the 
eye, which, according to the wave theory, is due to the vibra- 
tion frequency of the ether waves. Color is analogous to pitch. 
Air waves of different frequencies are recognized by the ear as 
sound of different pitches (§ 129, a), so ether waves of different 
frequencies affect the eye as light of different colors. 

b. Physicists have computed the wave frequencies — that is, 
the number of waves per second — that enter the eye, as well 
as the wave lengths for a great many of the prismatic colors, and 
the following table gives some of the results. The numbers 
for red and violet refer to the extreme ends of the spectrum, 
but the others refer to the central ray of their respective colors. 



Color. 


Wave Frequency. 


Wave Length. 


Red 

Orange 

Yellow 

Green 

Blue 

Indigo 

Violtt 


396 million millions. 
603 " " 
617 " " 
670 " «« 
636 " " 
686 " " 
763 " " 


.000076 cm. 
.000069 " 
.000068 " 
.000062 " 
.000047 " 
.000044 " 
.000039 " 



c. There are waves in the spectrum which are much longer 
and have less rapid rate than the red, but they do not affect 
the eye. They can be detected by a thermometer. In fact, 
the heat of a sunbeam is largely the energy of these invisible 
rays. They are called the uUrarred rays. 

There are waves much shorter, and having more rapid rates 
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than the violet, but they do not affect the eye. They can be 
detected by the photographer's plate. In fact, much of the 
chemical work of the sunbeam is due to the energy of these 
invisible rays. They are called the ultra-violet rays. 

Light, considered as that which renders objects visible, is 
radiant energy which enters the eye in waves whose rates are 
between 395 and 763 million millions per second. But " there 
is absolutely no philosophical basis for distinction between the 
visible and the invisible radiations of the sun, except in the 
one point of vibration frequency." 1 Their different effects 
depend on the qualities of the substances on which they fall. 

162. Different Kinds of Spectra. — a. The spectrum of candle 
light or kerosene light, as in Experiment 103, contains all 
colors from red to violet, without any break in their continu- 
ity. Such spectra are called continuous spectra. But there are 
other spectra which consist of bright-colored lines distinctly 
separated by dark spaces. Such spectra are called bright-line 
spectra. And there are spectra of a third class, in which the 
colors are crossed by broad dark bands, or fine dark lines; 
these are called absorption spectra. 

Experiment 107. -*■ Object. To compare the spectra of light from differ- 
ent sources. 

1. Carefully arrange the apparatus to obtain a virtual, pure spectrum, 
as in Experiment 106. Let the slit be narrow and its edges smooth. 
Let the lens be carefully placed at its focal length from the slit, and the 
prism in position of minimum deviation. Notice the continuous spectrum 
— the unbroken gradation of colors from red to violet— in kerosene light. 

2. Put the colorless flame of a Bunsen burner in place of the kero- 
sene light. Insert a narrow strip of asbestos, wet with a strong solution 
of common salt, in the mantle of the flame near its base. The salt will 
be decomposed, and the incandescent vapor of its sodium will color the 
flame intensely yellow. You should find the spectrum of this yellow 
light to consist of a single yellow line, — a yellow image of the slit. 

Insert another strip of asbestos, wet with strong solution of strontium 
chloride. Observe the change produced in the flame ; then look for the 
spectrum of the incandescent strontium vapor. 



i The Sun, by Charles A. Young, p. 
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Try also a solution of calcium chloride for the spectrum of incandes- 
cent calcium vapor. 

3. Obtain once more the continuous spectrum of kerosene light, and 
then place a strip of colored glass between the lamp and the slit See 
whether any of the colors are quite as vivid as before, and note what ones 
are more completely extinguished. In order to do this more easily, hold 
the colored glass so that it shall cover only half the length of the slit. 
Compare the absorption spectra of red, green, and blue glasses. Their 
colors must not be too dense, else the spectrum will be too faint. 

163. The Spectroscope. — a. The spectroscope is an instru-. 
ment for the observation of spectra. Its three essential parts 
are a collimator, a prism, and a telescope. The collimator 




Fig. 195. 

(C, Fig. 195) is a tube having a slit at one end, and a lens 
near the other end adjusted to its focal distance from the slit. 
Its purpose is to render parallel the diverging rays of the 
narrow beam which comes through the slit (§ 156, d). The 
prism rests upon a circular table in its position of minimum 
deviation. Its purpose is to disperse the parallel rays from 
the collimator and produce a pure spectrum. The telescope 
(T) is a small astronomical refractor (§ 158, e). Its purpose 
is to magnify and define the spectrum. 

6. When the instrument is so constructed that the spectrum 
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Fig. 198. 



can be measured, it is called a spectrometer. There are two 
ways to make the measurements. 

1. The circular table of the instrument is graduated (Fig. 196). 
The collimator and telescope constantly point to the center of 

the circle. The former 
is fixed, while the latter 
is movable, so that its 
axis can be brought into 
line with any part of 
the spectrum. The dis- 
tances between different 
points in the spectrum are measured by the angle through 
which the telescope swings, and this is read on the graduated 
circumference. 

2. A third tube (S, Fig. 197) is provided, which carries a 
scale photographed on glass 
at one end, and at the other 
a lens adjusted to its focal 
length from the scale. The 
scale is illuminated; the 
rays from it are made par- 
allel by the lens and are 
reflected from the face of 
the prism into the telescope. Fls# 197# 

The observer sees a virtual image of the scale lying along the 
edge of the spectrum. 

164. The Fraunhofer Lines. — a. The spectroscope shows 
that the solar spectrum is not a continuous spectrum (§ 162, a). 
Very narrow, dark lines, in great numbers, break the continuity 
of the colors. These lines are called the Fraunhofer lines, in 
honor of the German optician, Fraunhofer, by whom they were 
first carefully examined. 

b. Fraunhofer designated several of the prominent dark 
lines by the letters A, B, C, D, E, F, G, H. A is found in the 
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extreme red end of the spectrum, and H in the violet. Every 
Fraunhofer line holds a fixed place in the colors. On this 
account they are very useful as reference marks to locate 
points in the spectrum precisely. 

c. The Fraunhofer lines are produced by absorption. It has 
been proved that dark bands and dark lines may be produced 
at will in a spectrum, by causing some of the rays to be 
absorbed by passing through certain substances. It is there- 
fore inferred that the dark lines in the solar spectrum are due 
to the absorption of certain rays from the light of the brighter 
body of the sun in its passage through the vapors which sur- 
round it, as our atmosphere surrounds the earth. Each sub- 
stance in the sun's atmosphere can absorb the same color which 
it can emit when ignited, very much as one tuning fork can 
absorb just the same sound which it can yield when vibrated 
(§ 125, 6, c; § 123, c). 

165. Spectrum Analysis. — a. The spectroscope has revealed 
the following facts in regard to the three classes of spectra 
(§162): 

1. Continuous spectra are due to incandescent solids, liquids, 
or dense vapors. 

2. Bright-line spectra are due to incandescent gases and 
vapors of little density. 

3. Dark-line spectra are due to absorption of rays by the 
vapors or gases through which they are transmitted. 

Hence it is possible, with a spectroscope, to learn something 
of the physical conditions of luminous bodies. For example : 
The spectra of certain comets consist of bright lines ; the infer- 
ence is that these comets are not solid bodies, but consist of 
gaseous matter. 

b. The spectroscope has also revealed the following facts in 
regard to light from different incandescent elements : 

1. The spectrum of an element which is in the form of an 
incandescent vapor consists of bright lines. 
cooley's phys. — 19 
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2. Each element invariably gives the same set of lines when 
ignited under the same conditions of temperature and pressure. 

3. The lines of different elements differ in color and in 
the places which they hold in the spectrum. 

Hence it is possible, with a spectroscope, to learn much about 
the composition of substances. For example: Sodium is de- 
tected by its yellow line, and strontium by its blue and crimson 
lines (Experiment 107), more readily than by any other means. 

c. In the third place, the spectroscope shows that the ab- 
sorption spectrum of an element consists of dark lines holding 
exactly the same places that the colored lines of its bright-line 
spectrum hold. Hence the spectroscope enables the astrono- 
mer to leam the composition of the sun and stars. A single ex- 
ample must suffice to illustrate this method of analyzing the 
sun and stars. A bright-line spectrum of iron and the dark- 
line solar spectrum are obtained, lying edge to edge, and the 
observer discovers that certain dark lines of sunlight exactly 
coincide in position with the lines of the spectrum of iron. 
The inference follows that iron is one of the constituents of 
the sun. • 

166. Dispersion by Lenses. — a. That a lens decomposes light 

after the manner of a prism, although less completely, is shown 

by the following experiment : 

Experiment 108. — Admit a beam of sunlight into a darkened room, 
and use a double convex lens to produce an image of the opening on a 
screen. The circular image will have a colored border. Hold a small card- 
board screen in the refracted pencil, near the lens, and move it gradually 
toward the principal focus. The circle of light upon it will diminish in 
size. A place can be found where it is reduced to a small circle of 
colors with the violet on the inside. But by moving the screen further 
away the circle of colors will appear with the red on the inside. This 
shows not only that the lens decomposes the light, but also that the dif- 
ferent colors are brought to different foci, that of violet being nearest the 
lens. The decomposition of light by a lens is called chromatic aberration. 

b. Chromatic aberration is explained by the accompanying 
diagram. Trace the rays from P as they are refracted and 
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dispersed by the lens. Rays of light are decomposed in 
passing through the lens, because the colors are not equally 
refracted, and the focus for violet is at v f while that for red 
is at r. 




Fiff. 198. 

c. The effect of chromatic aberration is to give colored 
fringes to the images produced by lenses. But it is possible 
to remedy this evil by constructing lenses composed of two 
kinds of glass. Such lenses are said to be achromatic. One 
form of achromatic lens is shown by Fig. 199. 

It consists of a double convex lens of crown glass and a con- 
cave lens of flint glass. The crown glass bends the 
rays in one direction, while the flint glass bends them 
in the other (Fig. 182, 1, 5). Now flint glass has 
greater dispersive power than crown glass, but about 
the same refractive power. So a thinner lens of flint 
" glass may neutralize all the dispersion of the crown- 
glass lens, but only part of the refraction. 

167. The Colors of Bodies. — a. We see objects by the light 
which comes from them. The color of a body is really the color 
of the light which it sends to the eye. In the case of non-luminous 
bodies, the light that comes from them is light which they 
reflect, or light which they transmit. But we have seen that 
a part of the radiant energy received by any body is arrested 
by the molecules, and remains in the body as molecular energy. 
Every molecule, or group of molecules, in a body has its own 
vibration rate (§ 123, c). These rates, and no others, it will 
absorb from the ether waves. This absorbed energy goes to 
warm the body, or to produce chemical changes in it. 
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But other ether waves, those whose frequencies do not corre- 
spond to those of any of the molecules or groups of molecules 
in the body, are not absorbed. They are reflected or trans- 
mitted, and by these the object is seen. The color of an object 
is, flierefore, the color of the light which it rejects. 

b. Some substances, like snow and window glass, absorb all 
colors equally well, so that the light which they reject contains 
all colors in the same proportion as that which they receive. 
In such cases, objects, if opaque, are said to be white, and if 
transparent, are said to be colorless. Sometimes the absorption 
is so complete that the eye is not much affected by the reflected 
or transmitted light. In this case the object exhibits a darker 
hue, and in the extreme case it is said to be black. 

c. But many substances, such as green silk and blue glass, 
absorb certain colors in preference to others. The absorption 
is not general, but selective. The light which comes from such 
bodies lacks certain colors, or contains them in smaller propor- 
tions than does ordinary white light. Such light is described 
as colored light, and the color of such a body is the color of the 
residue which it does not absorb. 

Thus the absorption spectrum of blue glass (§ 162, a) shows 
that the glass absorbs nearly all' the red, orange, and yellow 
rays, and some portions of the other colors, but transmits a 
large part of the blue, with smaller portions of green, indigo, 
and violet. Now the color of the glass is a compound color, 
due to a mixture of those which the glass does not absorb. 
In this way the colors of all transparent bodies may be 
explained. 

Again, the color of a certain ribbon is scarlet, because the 
materials of the ribbon absorb all the colors of white light 
except red and orange. These two colors are reflected in cer- 
tain proportions — 85 red to 15 orange. They are blended in 
the eye, and their resultant is scarlet. In a similar way the 
colors of all opaque bodies may be explained. 
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Fig. 200. 



d. White light is a compound of all the colors contained in 

the solar spectrum (§ 160, b, c). But it is possible to produce 

light which affects the eye as white light does, by blending two 

colors only. This may be shown as follows : 

Experiment 109. — Let two beams of sunlight enter a darkened room. 
Fix a piece of orange-colored glass (o, Fig. 200) across one, and a piece 
of blue glass (6) across the other. 
Reflect both beams to a screen, S, 
by two plane mirrors, m and m'. 
Two patches of light will be seen 
on the screen, one orange at o', the 
other blue at b'. By turning one 
mirror, say m, a little, the orange 
may be thrown upon the blue at &', 
and where the two patches of light 
overlap, the screen is neither orange 
nor blue, but nearly white. Thus 
the mixing of orange and blue lights 
produces white. Gelatine films 
tinted to pure colors are in the market, and may be used for such experi- 
ments to advantage. 

Two colors which blend to produce white light are called com- 
plementary colors. Orange and blue are complementary colors. 
Bed and bluish green are complementary ; so are yellow and 
indigo, yellowish green and violet, green and purple. Ribbons, 
flowers, or fabrics with complementary colors, if placed side 
by side, heighten the brilliancy of each other by contrast. 

e. But while a mixture of blue and yellow lights is nearly 
white, a mixture of blue and yellow pigments is green. This 
difference is due to the fact that when lights are mixed their 
colors are combined; but when pigments are mixed their colors 
are partly neutralized by absorption. Each pigment absorbs a 
part of the colors from white light, and the color of the mix- 
ture is the residue which is not absorbed by either. Thus : 

White light consists of R. O. Y. G. B. I. V. 

Blue paint absorbs R. O. Y. 

Yellow paint absorbs B. I. V. 

The residue absorbed by neither . . G. 
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168. Colors by Interference. — a. In 1801 Thomas Young 
made the following memorable experiment: 

Experiment 110. — He obtained a very small pencil of light through a 
narrow slit (£, Fig. 201) in the window shutter of a darkened room. In 
the path of this light he placed a screen (.4) in which there were two 
small pin holes (a and b). In this way he obtained two small pencils 
of light from the same source, which overlapped each other on another 
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screen (£). Instead of a bright patch of light (at c) where the two 
pencils were thrown together, he observed a series of bands alternately 
dark and rainbow colored. 

When light of one color was used, the bright bands were that color 
only. Thus yellow light gave alternate dark and yellow bands. Try it 
with yellow and blue glass. When either aperture was covered, the 
bands disappeared ; this showed that it was the mutual action of two 
portions of light that produced them. 

b. We have seen (§ 136, d) that two sounds may combine to 
produce alternate sound and silence. Young's experiment 
showed that two portions of light may combine to produce 
alternate light and darkness. 

If two equal ether waves interfere in like phases, they pro- 
duce a wave of double amplitude, and, in the eye, this would 
be a brighter light. If they interfere in opposite phases, they 
neutralize each other; this would produce darkness. Thus 
the alternate bands of color and darkness in Young's experi- 
ment are produced by the interference of light. 

c. The colors of a soap bubble are interference colors. Let 
B (Eig. 202) represent a section of a bubble. Of course the 
thickness of the film is very much exaggerated. The film is 
thinnest at the top, because the viscid fluid gradually sinks 
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toward the base of the bubble by gravity. At b a part of the 
incident light, /, is reflected, and, at a, part of that which 
passes into the film is reflected. These two reflected parts 
proceed in almost the same direction. Imagine another ray, 
Vc, parallel to lb, reach- 
ing the bubble at c. Its 
reflected part would ex- 
actly coincide with that 
reflected from a, and 
both would flow together 
into the eye at E. But 
the light from la has 

gone the distance bac Fig g^ 

farther than the light 

from Vc to reach the eye. So the wave from la lags behind 
that from Vc a distance equal to twice the thickness of the film. 

Now suppose the thickness of the film at that place is equal 
to one half the wave length of red light ; then the two waves, 
b and c, should reach the eye in like phases, but the reflection 
at a, changes the phase 1 of the wave c, so that they reach the 
eye in opposite phases and neutralize each other. Thus the 
red is cut out,, and the remaining colors enter the eye. At 
other places the thickness of the film is one half the wave 
length of the other colors ; these colors are cut out at those 
places, and the color of the bubble is made up of what are left. 

169. Diffraction. — a. When light of one color is sent 
through a narrow slit and received upon a screen in a dark- 
ened room, that color is seen as a series of bright bands sepa- 
rated by dark spaces. If white light is used, a series of 
spectra separated by dark spaces is obtained. The action by 
which these alternate bands of color and darkness are pro- 
duced is called diffraction. 

1 Reflection taking place from the surface of a rarer medium always 
changes the phase of the wave. 
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Experiment 111. — Object. To illustrate the diffraction of white light 
by obtaining diffraction spectra. 

Apparatus. An optical bench (Fig. 154). A card with a clean-cut 
slit, between .1 cm. and .2 cm. wide. A piece of glass covered with a film 
of collodion, with a straight line cut through the film by means of a 
needle point. A candle. 

Operations. Mount the glass plate, with its transparent line verti- 
cal, on an upright slider at one end of the bench, and the candle on the 
platform slider at the other end. Mount the card, with its slit vertical, 
on an upright slider near the candle. The two slits and the candle flame 
must be carefully adjusted to equal heights and in a straight line, and 
the glass plate would better be placed with its glass side toward the flame. 
By looking through the line on the glass, the slit in the card, illuminated 
by the candle, may be seen between two rows of spectra which stretch 
away to the right and left. Carefully observe the order of the colors in 
the spectra on the opposite sides of the slit. Interpose colored glasses, 
and carefully observe the results. 

b. Diffraction bands are due to interference. Suppose red 
light to start from R (Fig. 203) and pass through a narrow slit, 
ab; it will go straight forward to W. But the bands are not 




Fig. 203. 



due at all to these direct rays. They are due to rays, ar and 
br, that start afresh from the edges of the slit. As the slit is 
very narrow, these rays go in nearly the same direction and 
interfere at r. 

Draw be perpendicular to ar. It is evident that the light 
from a goes the distance ac farther than that from b to reach r. 
If ac is any even number of £ wave lengths of red light, the 
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interference will be in like phases and produce a bright band ; 
but if ac is an odd number of \ wave lengths, the light inter- 
feres to produce darkness (§ 136, c). Now ac will be longer as r 
is farther from W. At r' it may be an even number of £ wave 
lengths ; at d, an odd number, and at r, an even number again, 
and so on, thus producing the alternate bright and dark bands. 

The same explanation applies to each color of white light, 
but ac is shorter for other colors than for red, and hence the 
bands of other colors lie nearer to W. 

c. A diffraction grating consists of many parallel lines ruled 
very close together on a surface of glass or metal. These 
lines on glass are opaque, while the spaces between them are 
transparent. The grating is f therefore, equivalent to a large 
number of slits side by side. A thousand lines to the centi- 
meter, or 2500 to the inch, is not a very fine grating. Row- 
land's gratings on metal contain from 10,000 to 20,000 lines to 
the inch. The effect of the increase in the number and fine- 
ness of the lines is to increase the separation of the bands. 

There is no overlapping of colors in the diffraction spectrum, 
and the place of each color is fixed by the wave length. In 
these respects it differs from the prismatic spectra. 

POLARIZATION OF RADIANT ENERGY. 

170. Double Refraction. — a. Certain transparent crystals not 
only refract light, but divide each ray into two parts, which 
they transmit separately. This division of a beam by refrac- 
tion is called double refraction. 

b. Thus IS (Fig. 204) represents a section of a crystal of 
Iceland spar, and A a small beam of light in a darkened room. 
A is broken into two beams, o and e, 1 one bent more than the 

1 This 1b true of all rays, except such as enter the crystal in the direction of 
the dotted lines, a direction which is equally inclined to the edges of the obtuse 
angle. This direction is called the " optic axis " of the crystal ; rays in that 
direction are not doubled. 
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other. When they emerge, they are bent just as much the 
other way (Experiment 98), and pass on separately. If they 
fall on a screen, N, two images of the opening, w, will be seen 
there. If they enter the eye, two virtual images of the 
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opening will be seen instead of the opening itself. Every- 
thing seen through the crystal appears double. The distance 
between the two images depends on the thickness of the 
crystal; in small crystals the images overlap. 

c. Of the two beams obtained by double refraction, one, o, is 
called the ordinary beam, because it follows the common law 
of refraction (§ 152, d) ; but the other, e, is called the extraor- 
dinary beam, because it does not follow that law. 

d. A curious change is wrought in the light by double refrac- 
tion. We know that a beam of common light is reflected by 
glass without any regard to the position of the reflecting sur- 




Flg. 205. 



face. But this is not the case with doubly refracted light. If 
a plate of unsilvered mirror glass, M, is held across the two 
beams, as shown in Fig. 205, so that the angle of incidence 
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is 54£°, the ordinary beam will be reflected, but the extraor- 
dinary will not. Let the glass be turned over a little around 
the beam as an axis, and the extraordinary beam will be 
reflected faintly. Continue to turn the glass, and the extraor- 
dinary beam will grow brighter while the ordinary beam will 
grow fainter until, at 90° over, the former is reflected in full 
brilliancy, and the latter is extinguished. Both beams cannot 
be reflected perfectly in the same plane. Their planes of best 
reflection are at right angles. Light in this condition is said 
to be polarized. 

171. Polarization. — a. Polarized light is light that has been 
so changed that its reflection and transmission vary with the 
position of the surface which reflects it, or of the medium 
which transmits it. 

b. Light is polarized not only by double refraction, but by 
reflection also. A (Fig. 206) represents a plate of unsilvered 
glass, I, a beam of light whose 
angle of incidence is 54£°. At 
this angle a small part of the 
beam is reflected ; the larger part 
is transmitted. But the reflected 
part, p 9 is completely polarized. 
That p is polarized would be 
proved by testing it with another ri ** 206, 

glass (M y Fig. 205). It would be reflected fully in one plane, 
but not in another perpendicular to the first. 

As to the refracted beam, p\ it contains just the same quan- 
tity of polarized light as p 9 but this is mixed with a larger 
quantity that is not polarized. At any other than this par- 
ticular angle of incidence, 54£°, the reflected beam, p 9 is also 
only partly polarized. 

Water, polished wood, and other non-metallic substances 
polarize light by reflection. The angle of incidence, at which 
polarization is complete, is called the polarizing angle. 
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c. Polarized light cannot be detected by the unaided eye. 
It is studied by means of an instrument consisting of two 
parts, — one to polarize the light, and the other to show that 
the light is polarized. The former is the polarizer; the latter 
is the analyzer; and the two together constitute a polariscope. 
Thus in Fig. 205, the Iceland spar is a polarizer, and the mir- 
ror is an analyzer. 

The usual way to test light for polarization consists in put- 
ting the eye to the analyzer, and observing whether any change 
in brightness or color occurs when the analyzer is rotated. 

cf. The. wave theory offers the only satisfactory explanation 
of polarization. According to this theory, polarization is a 
change in the form of the ether waves. Ether waves are 
transverse waves (§ 113). In this respect they resemble water 
waves. But instead of the vibrations being in one plane, as in 
a water wave, the ether vibrations are in all possible planes across 
the path of the wave. Thus if we could see the ether, and 
should look at a ray endwise, we should expect to see some- 
thing like that represented by A (Fig. 207), — the ether vibra- 
tions taking place in all planes perpendicular to the path of 
the ray. 

What a polarizer does is to reduce all these vibrations to 
two sets, which take place in planes at right angles to each 
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other, as represented by B (Fig. 207), and at the same time to 
separate the two sets, as shown by O, so that they take differ- 
ent paths. In this way the ordinary and extraordinary beams 
are produced. 
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Then, because the ether vibrations in the two beams take 
place each in one plane, and with the two planes at right 
angles to each other, they can be reflected by a mirror, or 
transmitted by a doubly refracting substance, each in one 
plane only. 

e. But the phenomena of polarization are so numerous and 
complex that a full description of them — of their applications 
and their explanations — should be sought for in larger treatises 
on physics or special works on light. 



X. ELECTRICITY. 



ELECTRIC ATTRACTION AND REPULSION. 

172. Electrification. — a. The meaning of the term electrifi- 
cation is illustrated by the following experiment : 

Experiment 112. l — 1. Place upon the table some light bodies, such as 
pitb balls, bits of cotton wool, or bran, and touch them with a dry ebonite 

rod. They will not 
be affected. But rub 
the ebonite briskly 
with dry flannel or 
fur, and then bring it 
over the light bodies ; 
they will be attracted 
to the rod (Fig. 208), 
and, on touching it, 
they are quite likely 
to be repelled. Let 
the rod lie upon the 




Fig. 208. 



table ; it will be found to lose its power to affect the light bodies, slowly 

if the atmosphere is dry, quickly if it is 

moist. 

2. In order better to show the repul- 
sion, suspend a pith ball by a silk thread 
from a glass support. Briskly rub the 
ebonite ; bring it near the ball. The ball 
should fly against the rod (Fig. 209), but, 
after brief contact, it should fly away 
again. If the rod is left upon the table 
for some time, it will no longer repel 
the ball. 

So long as the rod has power to attract 
or to repel light bodies, it is said to be 
electrified. 




Fig. 209. 



1 Experiments in static electricity succeed best in cold, dry weather, and all 
apparatus should be thoroughly clean from dust and made dry just before 
using. A moist atmosphere and dirty apparatus are fatal. 
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b. Electrification is that temporary condition of a body in 
which it attracts or repels other bodies in its vicinity. 

It has been found that all bodies can be electrified by fric- 
tion. But in many cases the return to the natural condition 
is so prompt that the electrification is not manifest unless 
special precautions are taken. Metallic bodies, if held in the 
hand and rubbed, will show no sign of electrification ; but it is 
because the electrification is neutralized by the hand as fast as 
it is produced. Prevent this, and electrification can be shown, 
as in the following experiment : 

Experiment 113. — Select a smooth rod of metal, with rounded ends. 
Stretch a piece of rubber tubing over the end which is to be held in the 
hand. Rub the rod briskly with fur, without touching it with the fingers, 
and then present it to the suspended pith ball (Fig. 209). 

c. A body may become electrified by contact with one which 
is already electrified. That the pitli ball, after touching the 
electrified ebonite (Experiment 112, 2), is itself electrified, may 
be shown as follows : 

Experiment 114. — Hang another pith ball beside the first from the 
same support. Bring the rubbed ebonite near the two. Observe that 
both are first attracted and then repelled. Remove the ebonite, and 
observe that the pith balls repel each other. 

d. But two electrified bodies do not always repel each other. 
That they sometimes attract each other is shown as follows : 

Experiment 115. — Suspend the ebonite rod as follows : Bend up about 
an inch at each end of a wire about six inches long and then bend the 
wire at its middle point so as to bring the two hooks about two inches 
apart and parallel. Hang this double hook by means of a silk thread 
from a support (Fig. 01). The electrified rod is to be placed horizontally 
in the hooks. Then bring near the electrified end : 

1. Another electrified ebonite rod. 

2. An electrified glass rod. 

e. Bodies which have been electrified by contact with ebonite 
which has been rubbed with flannel will be repelled by the 
ebonite, but will, invariably, be attracted by glass which has 
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been electrified with silk. This shows that the electrification 
of the ebonite is not of the same kind as that of the glass. To 
distinguish these two kinds of electrification, that of the glass 
is said to be positive, and that of the ebonite negative. The 
signs + and — are used to represent them. 1 

/. The results of all experiments on the attraction and re- 
pulsion of electrified bodies may be summed up as follows : Two 
bodies having the same kind of electrification, both positive or both 
negative, repel each other; but two bodies having different kinds oj 
electrification, one positive and the other negative, attract each other. 

g. Electrification is a measurable quantity. The unit of 

charge may be illustrated as follows : Suppose two small balls, 

a and b (Fig. 210), to be 1 cm. apart. 

< r\ r\ > Let them be equally electrified, either 

CT ^ " positively or negatively, so that they 

repel each other with a force of one dyne 

(§ 12, c). The quantity of electrification in each ball is the 

unit charge. It is called the C. G. S. electrostatic unit. 

h. When the electric force is measured, it is found to obey 
the law of inverse squares. TJw attraction of unlike, and the 
repulsion of like, charges vary inversely as the square of the 
distance between them (§ 51, d). They also vary directly as 
the product of the two charges. In fact, electric forces and 
gravitation obey the same laws. (See also § 142, b.) 

Let there be m units of positive charge on one body, and 
n units of positive charge on another, and let the distance 
between them be d centimeters. Then if / stand for the mag- 
nitude of their repulsion, 

r mxn 



1 These are mere names and symbols. + electrification does not mean 
more electrification, nor does — electrification mean less. The former means 
electrification like that of glass when rubbed with silk, and the latter means 
electrification like that of ebonite when rubbed with flannel. They desig- 
nate the different kinds without regard to quantity. 
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Thus suppose A charged positively with 4 units and B posi- 
tively with 6 units, at a distance apart of 2 cm. ; then their 

repulsion would be /=— — = + 6? dynes. Again, sup- 

pose the charges were + 4 and — 6 units ; then 

/= + 4 *- 6 = -6, dynes. 

The negative sign of the value of / denotes attraction, and the 
positive denotes repulsion. 

173. Electric Force is Ether-Stress. — a. The motions of 
electrified bodies, which seem to be due to the mutual attrac- 
tion and repulsion of the bodies themselves, is really due to a 
stress in the ether between them. The action is analogous to 
that in the following experiment : 

Experiment 116. — L and C (Fig. 211) represent two smooth blocks on a 
table and bound together by a rubber cord. Grasp one in each hand and 
separate them to V and C". By this work the elastic cord is stretched, or 
strained (§ 22, c). Release the blocks, and the cord, recovering from the 
strain, will pull the blocks together. 

IT L c C 

Fig. til. 

The ether is an elastic medium. Let two bodies be oppositely electri- 
fied and then separated. By this work the ether is supposed to be 
strained. If now the bodies are free to move, the ether, recovering from 
the strain, will pull the two bodies together. Since the medium is invisi- 
ble, the bodies appear to pull each other. 

b. The space around an electrified body, through which the 
influence of the charge extends, is called an electric field. A 
light body, placed in contact with a positively charged body, 
will move across this field to the negatively charged body on 
the other side. But its path is not always a straight line. 
Nor yet is it accidental. The light body will start in a line 
perpendicular to the surface of the positively charged body, and it 

COOT,EY'8 PHY8. — 20 
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will reach the other side of the field in a line perpendicular to the 
surface of the negatively cluirged body. A few of the paths it 
may take, in the field of two spheres, are represented below. 





Fig. 219. Fig. 213. 

The paths cannot be straight lines (Fig. 213) if the surfaces 
of the electrified bodies are not parallel (Fig. 212). 

The directions, in which a charge is impelled across an 
electric field, are called lines of force. 

174. Electrification and Electricity. — a. Electrification is a. 
kind of potential energy (§ 17, e). Thus it is proved that when 
glass is touched with silk the conditions of both are changed, 
so that they are held together by a certain amount of force. 
If they are pulled apart, the energy spent in separating them 
remains as electrification, positive in the glass and negative 
in the silk. In general, two dissimilar substances are thrown 
into opposite electrical conditions, simply by contact, and 
attract each other. Some amount of work must be done to 
separate them, and the energy spent in pulling them apart is 
converted into electrification. 

Friction causes repeated contact and separation over large 
areas of the two bodies, and so much of the energy as is used 
simply to make the separations becomes electrification. 

b. In order to explain why simple contact of two things 
puts them into opposite conditions, it is assumed that some- 
thing exists in or around their molecules, which is transferred 
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from one body to the other. It is called electricity. What 
electricity really is, has not yet been fully revealed. Many 
believe it to be identical with the ether. 

Electricity and electrification are, therefore, two very differ- 
ent things. Electrification is a kind of potential energy. 
Electricity is not energy at all. We must be content to say, 
for the present, that electricity is that which is transferred 
from one body to another in the process of electrifying them. 

175. Conduction. — a. Suppose one metallic ball, A (Fig. 214), 
supported on a glass standard, to have been electrified by con- 
tact with glass which has been rubbed 
with silk ; the electrification spreads from 
the place of contact all over the sur- 
face. Suppose another ball, B, also sup- 
ported by a glass standard, be brought 
to touch A; the electrification of A 
will be found to spread all over its 
surface likewise. A loses just what B 
gains. Electrification spreads over the 
metallic surfaces readily. If B were a 
glass ball, it would take almost none at , 

all from A. Electrification spreads very freely over many 
substances, but with extreme difficulty over many others. Make 
the following experiment to test this : 

Experiment 117. — In Fig. 216, b represents a ball of metal, 1 supported 
by a dry glass flask, with a pith ball hanging in contact with it. w repre- 
sents a slender wire, which may have any length within the range of the 
table. One end is in contact with the ball, and the other is wound around 
a glass support, t. Rub an ebonite rod, J, with fur, or a glass rod with 
silk, and then draw it over the coil of wire on the tube at t. The pith ball 
should fly away from b. The motion of the pith ball shows that b is 
electrified. The electrification must have gone from I to b over the 
wire to. 

1 A polished brass door knob may be used. Or a wooden ball covered with 
gold leaf or tin foil, and perfectly smooth, will do as well. 
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Touch b with the finger ; the pith ball instantly returns, showing that 
6 is no longer electrified ; its electrification was transferred by the person 
to the floor, and thence to earth. 





Fig. S15. 

Put a silk thread in place of the wire, and bring the electrified rod in 
contact with the silk at I. No motion of the pith ball occurs, which 
shows that no electrification is transferred by the silk. 

b. All metals and many other substances transfer electrifi- 
cation from electrified bodies, as did the wire w; but India 
rubber, dry glass, porcelain, paraffin, dry air, and many other 
substances resemble silk in being unable to transfer electrifi- 
cation except in so slight a degree as to be nearly or quite 
imperceptible. Substances which transfer electrification freely 
are called conductors. Substances, like silk and dry air, that 
offer great resistance to the spread of electrification over them 
are called non-conductors, or insulators, or dielectrics. But oft 
bodies offer more or less resistance to the passage ; conduction 
is a matter of degree only. 

c. We now see why the rod of metal (§ 172, b) could not 
be electrified by friction without taking the precaution to cover 
the end with rubber. The electrification given to it by fric- 
tion is spread over its entire surface, because it is a conductor, 
and the hand would carry it away for the same reason ; but 
the rubber is an insulator, and prevents its escape to the earth 
through the person. 
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In order to electrify a conductor, it must be kept from 
contact with other conductors. A body which is nowhere 
in contact with a conductor is said to be insulated. 

d. When a body is electrified, positively or negatively, it 
is said to be charged. Thus ebonite and glass in preceding 
experiments have been charged by friction. The pith balls 
used have been charged by contact with electrified bodies. The 
ball, b (Fig. 215), was charged by conduction through the wire, 
w, from the electrified or charged ebonite. 

When a charged body loses its charge, it is said to be dis- 
charged. Thus when the electrified ball, b, was touched with 
the finger, it ceased to be electrified ; it was discharged. Good 
conductors will be instantly discharged when touched by the 
hand or any other conductor leading to the earth. Poor con- 
ductors, like glass, may be discharged by passing them quickly 
through a flame ; the hot gases carry off the charge. 

176. Electroscopes. — a. An electroscope is an instrument for 
detecting electrical charges and identifying them as positive or 
negative. 

A pith ball hung by fine silk fiber from a glass support 
(Fig. 215) is a simple electroscope. It detects the charge by 
moving toward or away from the charged body. It may be 
used to identify the charge as + or — , as follows : Charge the 
ball by contact with electrified glass or ebonite, so that the* 
sign of its charge is known. If charged from ebonite, for 
example, its charge is negative. Then bring it near the body 
whose charge is unknown. If it be attracted, that charge is 
positive ; but if it be repelled, that charge is negative (§ 172, /). 

b. The gold-leaf electroscope consists of two narrow strips of 
gold leaf, — or aluminum leaf, which is lighter, — hung side 
by side (Fig. 216) from the end of a brass rod, which passes 
through the cap of a glass jar or the rubber stopper of a flask. 
The outer end of the rod carries a brass ball. A charge may 
be detected by touching (without rubbing) the ball with the sus- 
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will reach the other side of the field in a line perpendicular to the 
surface of the negatively cliarged body. A few of the paths it 
may take, in the field of two spheres, are represented below. 





Fig. 219. 



Fig. 213. 



The paths cannot be straight lines (Fig. 213) if the surfaces 
of the electrified bodies are not parallel (Fig. 212). 

The directions, in which a charge is impelled across an 
electric field, are called lines of force. 

174. Electrification and Electricity. — a. Electrification is a 
kind of potential energy (§ 17, e). Thus it is proved that when 
glass is touched with silk the conditions of both are changed, 
so that they are held together by a certain amount of force. 
If they are pulled apart, the energy spent in separating them 
remains as electrification, positive in the glass and negative 
in the silk. In general, two dissimilar substances are thrown 
into opposite electrical conditions, simply by contact, and 
attract each other. Some amount of work must be done to 
separate them, and the energy spent in pulling them apart is 
converted into electrification. 

Friction causes repeated contact and separation over large 
areas of the two bodies, and so much of the energy as is used 
simply to make the separations becomes electrification. 

b. In order to explain why simple contact of two things 
puts them into opposite conditions, it is assumed that some- 
thing exists in or around their molecules, which is transferred 
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from one body to the other. It is called electricity. What 
electricity really is, has not yet been fully revealed. Many 
believe it to be identical with the ether. 

Electricity and electrification are, therefore, two very differ- 
ent things. Electrification is a kind of potential energy. 
Electricity is not energy at all. We must be content to say, 
for the present, that electricity is that which is transferred 
from one body to another in the process of electrifying them. 

175. Conduction. — a. Suppose one metallic ball, A (Fig. 214), 
supported on a glass standard, to have been electrified by con- 
tact with glass which has been rubbed 
with silk ; the electrification spreads from 
the place of contact all over the sur- 
face. Suppose another ball, B, also sup- 
ported by a glass standard, be brought 
to touch A; the electrification of A 
will be found to spread all over its 
surface likewise. A loses just what B 
gains. Electrification spreads over the 
metallic surfaces readily. If B were a 
glass ball, it would take almost none at s ' ' 

all from A. Electrification spreads very freely over many 
substances, but with extreme difficulty over many others. Make 
the following experiment to test this : 

Experiment 117. — In Fig. 216, b represents a ball of metal, 1 supported 
by a dry glass flask, with a pith ball hanging in contact with it. w repre- 
sents a slender wire, which may have any length within the range of the 
table. One end is in contact with the ball, and the other is wound around 
a glass support, t. Rub an ebonite rod, J, with far, or a glass rod with 
silk, and then draw it over the coil of wire on the tube at t. The pith ball 
should fly away from b. The motion of the pith ball shows that b is 
electrified. The electrification must have gone from I to b over the 
wire to. 

1 A polished brass door knob may be used. Or a wooden ball covered with 
gold leaf or tin foil, and perfectly smooth, will do as well. 
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pected body ; for if there be electrification, it will be conducted 
(§ 175, b) down to the leaves, and they, being electrified the 
same way, must repel each other and diverge, as shown in the 
figure. 

To identify a charge, let the electroscope be charged with a 
known kind, and then let the unknown charge be presented to 
the knob. Thus suppose we rub a piece 
of sealing wax with flannel, and desire 
to know whether it is electrified posi- 
tively or negatively. First charge the 
electroscope by touching the knob, with- 
out rubbing it, with a slightly electrified 
ebonite rod. The leaves are electrified 
negatively and fly apart If, then, the 
rubbed sealing wax be brought from con- 
siderable distance toward the knob, the 
leaves will diverge more, showing that the charge on the seal- 
ing wax is also negative (§ 177, a). On the slow approach of 
an oppositely charged body, the leaves will fall together. 1 

Experiment 118. — Object. To ascertain whether the rubber, as well 
as the body which is rubbed, is electrified. 

To do this, the rubber should be insulated (§ 176, c) from the hand. 
If glass is to be rubbed with silk, proceed as follows : Roll a strip of silk 
around a glass tube about the size of the glass rod to be rubbed, so that 
the silk tube formed shall project beyond the end, and bind it on with 
thread. Insert the end of the glass rod into the silk tube, and turn it 
around briskly. Withdraw the rod, and present the silk to an electro- 
scope charged by ebonite. If the electroscope shows repulsion, the silk 
is electrified, and its electrification is negative. If the electroscope shows 
attraction, the silk is probably electrified positively, but possibly not, 
because a neutral body will attract one which is electrified. Repulsion is 
the sure test, and if attraction occurs in any case, the electroscope should 
be charged again with the other kind, in order that repulsion may occur. 

1 If the body be highly charged and quickly brought up to the knob, the 
leaves will first collapse and then diverge, and the collapse may be so tran- 
sient as not to be easily detected. Hence the slow approach from a distance 
is important. 
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c. One kind of electrification can never be produced with- 
out the other. Exactly equal quantities of positive and negative 
electrification are always developed at the same time, one on each 
of the two bodies which are rubbed together. 

Experiment 119. — Object. To detect and identify the electrification 
produced by the friction of different materials. 

Ebonite, glass, India rubber, sealing wax, paraffin, sulphur, dry wood, 
varnished wood, metals (insulated), catskin or other fur, silk, flannel, 
cotton, and brown paper are suitable substances to test. 

First of all, charge the electroscope by contact with ebonite electrified 
by fur, or with glass electrified by silk, and then recharge with the other 
kind if, in any case, attraction occurs (Experiment 118). Tabulate the 
observations in the following form : 



Electroscope 
charged by 


Name of 

Substance. 


Name of 

Rubber. 


Behavior of the 
Ball (or Leaves). 


Electrification. 

+ — 


Ebonite. 


Sealing wax. 


Flannel. 


Repelled. 




— 



















Remember that everything in use should be dry, and that a moist 
atmosphere discharges an electrified body rapidly. 



ELECTRIFICATION BT INDUCTION. 

177. Electrification by Induction. — a. While an electrified 
body is still some distance away from an uncharged gold-leaf 
electroscope, the leaves diverge. This shows that the influence 
of a charged body may electrify another body at a distance. 
It is proved that the air has nothing to do with this effect. It 
is an action in the ether, and is called induction. 

Experiment 190. — Object. To produce electrification by induction, 
and to identify the kind of electrification produced. 

Apparatus. The body to be electrified should be a smooth, insulated 
conductor with rounded ends. It may consist of a large brass wire with 
its ends bent into loops, and smoothly soldered. It may be supported on 
a glass vessel, C (Fig. 217). A pith-ball electroscope, C" ; an ebonite 
rod, L, and fur with which to electrify it, are also needed. 
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Manipulation. Place the pith ball in contact with one end of the con- 
doctor. Bring a highly excited rod, L, toward the other end, but not too 
near, because the electricity on L will actually break its way through a 

short distance in the medium to 
reach the conductor. Feeble but 
sharp snaps are heard when this 
occurs. While L is too far from c 
to discharge its electricity upon it, 
the pith ball should be repelled, 
showing that be is electrified. Then 
take L away, p will return to 6, 
showing that the electrification by 
Fig. 917. induction lasts only while the in- 

ducing charge is near. 
The electrical condition of the conductor may be determined as follows : 
Charge the ball p (Fig. 217) by contact with silk-rubbed glass. Then 
while the electrified rod is near c, bring p slowly toward 6. Its motion 
should show that b is negative. Recharge p, by contact with fur-rubbed 
ebonite, and present it to b. Its motion should again show that b is 
negative. While L is still charged and p is negative, bring the latter near 
to c; it will be repelled by X, but it should be attracted by c, showing 
that while b is negative, c is positive. 

b. Whenever electrification by induction occurs, both kinds 
are produced at once on the conductor. That which is like the 
inducing charge is on the most distant part of the conductor, as 
if the electricity were trying to escape. That which is unlike 
the inducing charge is on the nearest part of the conductor, as if 
the electricity were trying to reach the inducing body. 

c. Induction always precedes attraction. When, for exam- 
ple, a pith ball is brought near to the electrified ebonite, the 
far side of the ball becomes negative and the near side becomes 
positive. The negative ebonite then attracts the near side of 
the ball and repels the far side. But the attraction is stronger 
than the repulsion because the distance from the ebonite to 
the positive part of the ball is less than to the negative part. 

Experiment 121. — Object. To charge a brass ball or other conductor 
with only one kind of electrification by induction. 

Insulate the ball by mounting it upon the mouth of a dry glass flask. 
Bring a fur-rubbed rod of ebonite near the ball, and touch the ball 
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momentarily with the finger. Then take the rod away, and prove that 
the ball is charged positively by testing it with an electroscope. 

If the inducing body is a glass rod rubbed with silk, in what condition 
is the brass ball when charged by induction ? Test the truth of your 
answer by experiment. 

d. If an insulated conductor could be divided at its center, 
and its parts separated while under the influence of a charged 
body, in what electrical condition would the two parts be ? 

Find an answer to this question in paragraph 6, and test 

your inference by the following experiment : 

Experiment 182. — A and B (Fig. 218) represent two insulated wires, 
with knobs or rings (§ 175, c) end to end, making one continuous con- 
ductor, which may be separated into two by moving their supports. 
I represents an ebonite rod, and p an electroscope. Electrify I by 
friction, and, while holding it near to A, separate B from A. Then 
test the electrification of both ends of each, as in Experiment 120. 




Fig. 918. 

Experiment 138. — Object. To charge a gold-leaf electroscope with 
only one kind of electrification by induction. 

Bring electrified ebonite toward the knob, and, while the leaves diverge, 
touch the knob momentarily with the finger. Then remove the ebonite. 
Prove, by test with a glass rod, that the charge of the knob and leaves is 
positive. Describe all the motions of the leaves in the experiment, and 
explain them. 

178. Electrical Machines. — a. Electrical machines are in- 
struments by which insulated conductors may be electrified 
to a high degree. In the earliest forms the electrification was 
obtained by friction. The frictioncU machine at first consisted 
of a globe of sulphur, or of glass, mounted on an axle, so that 
it could be rotated while pressed by the hand, or a cushion of 
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leather, for a rubber. Afterward a glass cylinder was used 
instead of a globe. In the latest forms a circular plate of 
glass is used, and the electrification produced by the cushion 
on the rotating plate is continually imparted to an insulated 
conductor. But f rictional machines are now seldom used. 

b. In modern machines the electrification is obtained by 
induction (§ 177, a). We have seen how an insulated con- 
ductor may be charged with one kind of electrification without 
the other by induction (Experiment 121). Let us now see how 
the charge may be increased. 

A and B (Fig. 219) represent two stationary insulated con- 
ductors, A having a 
small — charge, and 
B a small + charge. 
c represents a small 
insulated conductor, 
which is carried around 
the circle in the direc- 
tion shown by ar- 
rows, and momentarily 

Fl*. 219. , A , « . 

touches A and B in 
each revolution. L and C represent two conductors extending 
from the insulated conductors N and P. 

As the little carrier ball, c, touches the — A, it receives a — 
charge. As c recedes from the — A, its — charge is repelled, 
and the side toward A becomes + by induction. The repelled 
negative electrification is taken off by a conductor, L f which 
leads it to an insulated conductor, N, wherein it is stored, and 
c goes on with a + charge. 

On approaching + B, mutual repulsion of like, and attrac- 
tion of unlike kinds occur. 

On contact, the two bodies share their + charges. As c 
recedes from the + B, its + charge is repelled and the side 

ward B becomes negative by induction. 
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On touching the conductor, C, the + charge of c, being 
repelled by the + of B, passes off to the insulated conductor, 
P, wherein it is stored, while c goes on with a — charge. 

On momentarily touching the — A again, the charges of A 
and c will be equalized, and as c recedes from — A, its — 
charge is repelled, while the side toward — A becomes + by 
induction. 

On touching L, the repelled — of c passes to N, and c 
goes on with a + charge. 

The same set of actions is repeated during every revolu- 
tion of the little ball, so that the electrifications of A and B 
are increased, and that which is stored in N and P becomes 
greater until these conductors can hold no more. 

There are many forms of induction machines to produce 
electrification of high degree by the action illustrated by the 
foregoing ideal case. They are also called influence machines. 
Among them are the Holtz machine, the Toepler machine, and 
the Wimshurst machine. But the details of their construction 
and of their action are complex, and for these the student may 
consult larger works on physics. 1 

179. Distribution of Charges on Bodies. — a. When a non-con- 
ductor, such as glass or ebonite, is excited by friction, its elec- 
trification is confined to the part which is rubbed; but if a 
conductor receives a charge at any one point, the electrification 
instantly spreads to all parts of its surface. 

b. The charge of an insulated conductor does not penetrate 
its substance, but resides on the surface only. This seems to 
be proved by experiments with hollow conductors, the inside 
surface of which cannot be charged. It is proved also by the 
fact that the inside material of the conductor is of no conse- 
quence. So long as it is of the same shape and size, the con- 
ductor may be a solid piece of metal, or it may be hollow, or 

1 See Thompson's Electricity and Magnetism; Perkins's Outlines of Elec- 
tricity and Magnetism. 
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it may be made of wood, or of glass, with a thin covering of 
gilt or tin foil, and the same charge will be received, and dis- 
tributed over its surface in the same way. 

An electroscope when put inside a metallic cage will show 
no sign of electrification even when the cage is charged to its 
utmost capacity. Faraday made a cubical chamber measuring 
12 feet each way, with a wooden framework, and walls consist- 
ing of a network of copper wire filled in with paper and cov- 
ered with tin foil. It was insulated and charged by a powerful 
electric machine. Taking his sensitive electroscopes, he en- 
tered this charged chamber, and although electric sparks were 
leaping from all parts of its outside surface, the instruments 
were not affected in the least degree. Even a cage of wire 
gauze will protect anything within it from the influence of 
electrified bodies outside. 

Experiment 184.— Object. To compare the electrification at different 
points on the surface of a charged insulated conductor. 

Besides the insulated conductor, a proof plane and a gold-leaf electro- 
scope are needed. A proof plane is a small disk of metal with an insu- 
lating handle (Fig. 220). A bronze cent, or better, a disk of tinsel, 
which is less massive, cemented to the end of a glass rod or 
an ebonite penholder with wax, answers every purpose. In- 
sulate the conductor, A or B ; see that no other conductors 
are near it; charge it by repeated contact with electrified 
ebonite. Then place the proof plane first upon the surface 
of the conductor, and then upon the knob of the electroscope. 
The proof plane will receive a charge from the conductor ; 
transfer it to the electroscope, and the amount of divergence 
of the leaves will be greater or less according to the amount 
Fig. 320. of electrification on the conductor at the place touched by 
the proof plane. 
One of the conductors should be a polished metallic, or metal-covered, 
ball (A, Fig. 221). Touch it with the proof plane, carry the charge to 
the electroscope, and note the divergence. Then discharge both electro- 
scope and proof plane. Touch a different place on the sphere with the 
proof plane, and again notice the divergence of the leaves. Repeat until 
all parts of the surface have been tested. Judge whether the electrifica- 
">n was equal everywhere. 
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Another conductor, 2?, should be oblong, or better, egg-shaped, with 
rounded ends (Fig. 221). The looped wire (Fig. 217) may be used. 





Fig. 221. 

c. It has been proved by experiments that the shape of the 
conductor decides the distribution of a charge upon its surface. 
On a sphere the electrification is uniformly distributed. On an 
elongated conductor it is greater at the ends than in the middle. 
On a flat disk it is greater all around the edge than in the 
center. On a cone it is greatest at the apex, and if a body 
terminates in a sharp point, the electrification there is very 
much greater than elsewhere. 

d. The term electric density denotes the amount of electrifi- 
cation at any point of a surface. Thus, in a general way, we 
say that the electric density at the ends of an oblong con- 
ductor is greater than at its middle part. The precise mean- 
ing of electric density, however, is this : The number of units 
of electrification per square centimeter or per square inch of 
surface. 

e. If two insulated spheres of the same size are brought into 
contact, the total charge on both will be redivided so that 
each will have one half of the whole. Thus let A and B 






Fig. 222. 



(Fig. 222) represent two brass balls, A charged with 8 units -f-, 
and B neutral. On contact (A 'B 1 ), the 8 units instantly spread 
over the surface of B, so that A and B each has 4 units of 
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positive charge. If A were 4- 8 units, and B were 4- 10 units, 
then, after contact, each would be 8-f 10-«-2, or 4-9 units. 
If A were 4- 10 units and B were — 14 units, then each, 
after contact, would have a negative charge of 2 units, since 
+ 10-14-*-2 = -2. 

/ But if the spheres are not of equal size, their final shares 
will not be equal, for the larger one needs more electricity to 
charge it to as high degree as the smaller one, just as a 
wider jar needs more water than a narrow one to fill it to the 
same height. The spheres will divide the total charge on 

both in proportion to their radii. 

@s j^V E- Thus if the radius of A (Fig. 
% C+*J© 223) is twice the radius of B, 
^•P^ then after contact A will have 

twice as much of the total charge 
as B. The total charge is 15 4- 3, or 4- 18, units. The radii 
being as 2 : 1, the 18 is divided into 2 4-1, or 3, parts ; each 
is 4- 6 units. A takes two of these parts, and B one. 

g. It is evident that B is as highly charged with its 6 
units of electricity as is A with its 12 units, for there is no 
further loss nor gain by either when they touch each other, 
as there would be if one were more highly charged than the 
other. Conductors which take different qpftfitities of elec- 
tricity to charge them so that there wilj^Be no transfer from 
either to the other when they come into contact, are said to have 
different capacities. Thus the capacity of A (Fig. 223) is twice 
that of B y while the capacities of A and B (Fig. 222) are equal. 

The electrical capacities of spheres are to each other as their 
radii, provided no other conductors are near. When other 
conductors are near, the capacity of an insulated conductor is 
increased by induction. 

Experiment 125. — Object. To show that more electrification is re- 
quired to charge an insulated conductor when another which is not in- 
sulated is near. 
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C and C (Fig. 224) represent two sheets of tin foil smoothed out on 
the surfaces of clean, dry, glass plates, and fixed by gum at the corners. 
Each has a narrow tongue, t, folded over the edge of the plate. 

Support C in vertical position with the foil turned away from the elec- 
troscope. It may be so placed by fixing the jaws of a wooden clamp 
upon the edge of the glass, without touching the tin foil. Join t to the 
knob of an electroscope by a slender wire. Support C" also, but at a 
distance from C. Now electrify C by drawing an electrified ebonite rod 




Fig. 224. 



over t. The leaves will diverge much if C is highly charged, and little if 
it is not. Bring C near and parallel to C, with the foil side toward C. 
Then watch the leaves while you touch C with the moist finger. If the 
leaves partially collapse, it shows that C is less highly charged than be- 
fore. Yet the quantity of electrification in C is the same as before. 
Impart more to C by touching t with electrified ebonite. The leaves may 
be made to diverge as much as at first, and then C is charged again as 
highly as at first. Touch C" a second time, and if the leaves collapse at 
all, add more electrification from the ebonite. 

Thus it is shown that C takes more electrification to charge it to a cer- 
tain degree when C" is near than when it stands alone. Its capacity is 
increased by the presence of the insulated conductor. 

h. The increase in the capacity of an insulated conductor 
when near to, but not in conducting communication with, an 
uninsulated conductor, is due to induction (§ 177, a). 

Thus in the foregoing experiment, the — charge on C electri- 
fies C through the air. Positive electrification is drawn to the 
surface nearest (7, while the — is repelled to earth when C is 
touched with the finger, thus leaving C* with a + charge. This 
4- charge attracts the — of (7, and holds it bound on the surface 
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which is nearest C", leaving the other surface with less. Hence, 
more can be added without charging C any more highly than 
before. The mutual attraction of the unlike kinds on C and C 
holds them bound upon the two surfaces nearest together, while 
the non-conducting air keeps them separate. The two oppo- 
site electrifications are thus accumulated or condensed in much 
larger quantities than could be put upon either conductor if 
the other were not present. 

180. Condensers. — a. A condenser is an instrument for 
accumulating large quantities of electrification on small sur- 
faces by induction. Any two conductors, one of which is 
insulated, if separated by a non-conductor, form a condenser. 
Thus (Fig. 224), C and C, with the air between them, consti- 
tute a condenser. Two squares of tin foil with a plate of glass 
between them, and a goblet containing water with the hand 
around it, are simple forms of -condenser. 

b. The Leyden jar (Fig. 225) is a common and convenient 
form of condenser. It consists of a glass jar, coated, both 
inside and outside, with tin foil to within a few 
inches of the top, with a dry, hard-wood cover, 
through which passes a brass rod surmounted 
by a brass ball, with a chain reaching from its 
lower end to the bottom. 

c. To charge the jar, place the knob in con- 
tact with, or very near to, a charged body, such 
as the conductor of an electrical machine, while 
the outside is held in the hand, or is other- 
wise put into conducting communication with 
Fig. J6J65. earth. Electrification will pass directly from 
the charged body to the inside coating of the 
jar. There by induction the outside coating is electrified, the 
opposite kind being drawn to the surface of the glass while 
the same kind is repelled to earth. 

To discharge the jar, make a conducting communication 
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Fig. 226. 



between the knob and the outside. The two electrifications 
instantly and almost completely neutralize each other. Some 
form of a discharger should be used which will protect the 
hand from the shock which the 
passage of a large quantity of 
electrification produces. A good 
discharger (AB, Fig. 226) can be 
easily made. A piece of stout 
wire is chosen. A loop, (7, 
which answers in place of the 
ball, is made at each end. The 
wire is bent sharply at the mid- 
dle, and thrust through a hole 
in the stopper of a test tube. 
The branches are then sepa- 
rated as shown. Holding the discharger by the glass handle, 
place one loop against the outside of the charged jar, and bring 
the other near to the knob. The opposite charges in the jar 
instantly unite and neutralize each other. In other words, the 
jar is discharged. 

d. The charge resides in the glass, and not in the coatings. 
This was proved by Benjamin Franklin, who used a jar with 
movable coatings (Fig. 227). The jar was first 
charged in the usual way, then placed upon an 
insulator. The inner coating was then lifted 
out by means of a holder made of insulating 
material, and, finally, the glass jar, Z, was re- 
moved from the outside coating, c'. An elec- 
troscope was affected very little by either coat- 
ing, but violently by the glass jar; and on 
putting the parts together again and using a 
discharger, a spark was obtained almost as 
brilliant as if they had not been separated. 
The charge of a condenser resides in the dielectric between the 

COOLEY'S PHY8. — 21 




Fig. 227. 



322 ELECTRICITY. [§ 181. 

conductors. The conductors simply distribute the electrifica- 
tion so that a larger extent of the dielectric is affected. 

6. The condition of the dielectric is one of strain (§ 22, a, c), 
produced by the stress of the opposite electrifications, very 
much as a cord is strained when its two ends are pulled in 
opposite directions. And as there is a limit to the strain 
which the cord will bear without breaking, so there is a 
limit to the charge which a condenser will bear. When the 
strain becomes too great, a discharge takes place through the 
air over the top of the jar, or, if the glass is thin enough, 
through the glass itself. Whenever the air breaks, a spark 
is the result; if the glass cannot bear the strain, the jar is 
punctured and ruined. 

/. The capacity of a condenser is the quantity of electrifica- 
tion which it may accumulate. 

1. It is proportional to the area of its metallic conductors. 

2. It is inversely proportional to the thickness of its dielec- 
tric. 

3. It depends on the nature of its dielectric, because one 
substance transmits induction better than another. 

A Leyden " battery " consists of two or more jars, with their 
inside coatings joined, usually by a wire which passes around 
their projecting rods, while their outside coatings are also 
connected, usually by standing on a sheet of tin foil. They 
are practically one jar, with coatings of larger area, but no 
greater thickness of glass. Hence larger charges may be 
accumulated. 

181. Electric Potential. — a. One conductor is said to be 
"more highly charged" than another when it has more elec- 
trification in proportion to its capacity (§ 179, g). Thus sphere 
A (Fig. 228) having a radius, B, three times that of B, has 
three times the electric capacity, but, as shown, it is charged 
with more than three times the quantity of electrification. 
It is therefore more highly charged than B. When they are 
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brought into contact (Fig. 229), electrification passes from 
A to B until they are charged to the same degree, when A, 




® 



r- Smm 



B-9mm 

Fig. 828. 




Fig. »29. 



with three times the capacity of B, has also three times the 
electrification. 

b. The transfer of electrification from a body more highly 
electrified to another which touches it may be compared to the 
flow of water from a vessel more highly filled to another, when 
a channel is opened between them. Thus a large quantity of 
water will fill the narrow jar (Fig. 230) 
to a higher level, C, than the same 
quantity will fill the broad one. But 
if a tube connecting the jars near their 
bottoms is opened, the water will flow 
from the one which is more highly 
filled into the other, until both are 
filled to the same level, L. In like 
manner (Fig. 229) : 

If one conductor is charged with more 
electrification in proportion to its ca- 
pacity than another, electricity will flow from it to the other if there 
be a conducting pathway between them. 

Example. — If the radius of sphere A is 8 cm., and that of sphere B 
is 28 cm., and if A is positively charged with 120 units, and B positively 
charged with 60 units, which is the more highly charged ? Which will 
lose and which gain if they touch each other, and how much ? 

c. But the electrification of a charged body is a kind of 
potential energy (§ 17, e). And just as a given quantity of 




Fig. 230. 
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water, standing at a higher level because it is in a narrower 
jar, has more potential energy, so a given quantity of elec- 
tricity, in a body of lesser capacity, has more potential energy. 
Now a place where a given quantity of water has greater 
potential energy is said to be at a higher level, and a place 
where a given quantity of electricity has more electrical poten- 
tial energy is said to be at a higher potential. Thus in a 
general way: 

Electrical potential signifies the relative conditions of bodies 
or places which determine the direction in which electricity shall 
be transferred from one to another. 1 

d. In this sense potential is not an absolute, but a relative, 
quantity. It is described as " higher or lower." Places from 
which electricity is transferred are at higher potentials than 
places to which it goes. If there is no transfer between places 
that are in conducting communication, they are at the same 
potential. 

Eor convenience the potential of the earth is considered to be 
zero, and all positively electrified bodies are said to be at 
potentials higher, while all negatively electrified bodies are 
said to be at potentials lower, than zero. So enormous is the 
capacity of the earth that no small addition or subtraction of 
electricity will change its potential perceptibly, so that all 
bodies in conducting communication with earth are at zero 
potential. 

182. Potential, Capacity, and Quantity. — a. We have seen 
that the potential of a charge depends on the quantity of the 
electrification and the capacity of the conductor. With equal 
quantities the potential varies inversely as the capacity. With 
equal capacities the potential varies directly as the quantities. 
These laws apply only when the conductors have the same 

1 The precise definition of potential may be found in more advanced works 
on electricity. See Thompson's Electricity and Magnetism ; Barker's Phys- 
ics ; DanieU's Principles of Physics. 
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shape. When each of these quantities is measured, it is found 
that if we let V stand for potential, Q for quantity, and Cfor 
capacity, we have 1 y 

b. The Electrostatic C. G. $. units of these quantities are the 
following : 

The unit of quantity, — that which will repel an equal quan- 
tity of the same kind with a force of 1 dyne when the two are 
1 cm. apart in air. 

The unit of capacity, — that of a sphere, whose radius is 
1 cm., so distant from other bodies as not to be influenced by 
them. 

The unit of potential, — the potential of a conductor whose 
capacity is 1 unit, when it is charged with a unit quantity. 

Experiment 126. — Object, To verify the statement that electricity 
will go from a place of higher to one of lower potential, if the two are 
connected by a conductor. 

C and C (Fig. 231) are two gold-leaf electroscopes, with leaves and knobs 
as nearly of the same size and shape as possible. W is a copper wire 




Fig. 281. 



with one end bent around the rod of C, and the other, insulated by glass, 
g, ready to be hooked around the rod of C". Use ebonite or glass to elec- 

1 Also C — & ' But since ^ is the ratio of the quantity of electrification 

to the potential of the body charged by it, we may define capacity as a nu- 
merical value : Capacity is the ratio of the quantity of electrification on a 
body to its potential. 
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trify C very slightly, causing a little divergence of the leaves. Electrify 
C more highly, causing a large divergence of the leaves. Now consider : 
The electroscopes, being of the same size and shape, have equal capaci- 
ties (§ 170, g). Hence, since the leaves of C" diverge more, there must be 
a larger quantity of electrification in C" than in C. C", having more than 
C in proportion to its capacity, must be at a higher potential than C. 

Hook the free end of w upon the rod of C, lifting it by means of a dry 
glass rod inserted into the loop, I If the leaves in C" diverge less, and 
those in C more, than before, then electricity was transferred from C 
to C, that is, from the higher to the lower potential. 

Experiment 187. — Object. To ascertain whether all parts of the sur- 
face of a charged conductor are at the same potential. 

C (Fig. 232) represents an elongated insulated conductor ; C, a gold- 
leaf electroscope ; P, a proof plane ; ta, a fine copper wire, No. 30, four 
to six feet long. 

Attach one end of w to the knob of the electroscope, and the other to 
the disk of the proof plane. Electrify C by contact with electrified ebon- 




Fig;. 838. 

ite. Place the disk of P on the surface of C, and notice the divergence 
of the leaves, L. Move P to many different points on C, and notice 
whether the leaves diverge more or less. They will diverge more if P 
touches a place of higher potential. If the divergence of the leaves 
remains constant, then the potential of the conductor U the same at all 
points on Us surface, notwithstanding the difference in density (§ 179, d). 

Experiment 128. — Object. To compare the potential at different 
points on a conductor which is electrified by induction. 

With the electroscope, wire, and proof plane arranged as in the pre- 
ceding experiment, proceed as follows: Fix the rod of ebonite firmly 
in a clamp, and place it near that end of the insulated conductor, <7, 
which is farthest from the electroscope. Electrify the ebonite by friction 
with fur. Let no electricity pass directly from the ebonite to the conduc- 
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tor. If everything is right, C is electrified positively at one end and 
negatively at the other (§ 177, b). Now test the potential by applying 
the proof plane to different parts of the surface of C, and notice the 
divergence of the leaves. If the divergence remains constant, then the 
potential of the conductor is the same at all points on its surface, notwith- 
standing the differences in both density and kind of electrification. 

Experiment 189. — Object. To compare the potential of the inside 
surface of a hollow conductor with that of the outside. 

Insulate a cylindrical metallic vessel by placing it on an inverted, dry, 
glass tumbler, and arrange the electroscope and proof plane as in preced- 
ing experiments. Electrify the vessel by touching it with electrified 
ebonite. Touch the inside surface with the proof plane, and observe the 
divergence of the leaves. Pass the proof plane over the edge to the out- 
side surface, and notice the change, if any occurs, in the leaves. If the 
divergence of the leaves is not changed, then the potential of the inside 
surface of a hollow conductor is the same as that of the outside surface, 
notwithstanding the fact (§170, b) that the charge is upon the outside only. 

c. The following facts are revealed by the foregoing experi- 
ments : 

1. The flow of electrification from one place to another is 
not caused by a difference in the electric density at those 
places. 

2. The flow of electrification from one place to another is 
not caused by a difference in the kind of electrification at those 
places. 

These are facts, confirmed by all experience. The student 
may find them discussed in more advanced works on elec- 
tricity. But it may be remembered that potential is to elec- 
trification, what pressure, due to gravity, is to fluids, and this 
conception will be very useful. 

ELECTRIC CURRENTS. 

183. The Current. — a. Electrification, while passing from a 
place of higher to a place of lower potential, along a conductor, 
is called an electric current. 

In the discharge of a Leyden jar, for example, there is a 
momentary current through the discharger ; and if a hand is 
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laid upon an electrified body, there is a momentary current 
through the person. Whenever two bodies, charged to differ- 
ent potentials, are joined together by a wire, there is a sudden 
and complete change to equal potentials by a momentary current 
through the wire. 

b. A continuous current may be kept up by supplying the 
electrification to the two bodies as fast as it is transferred, — 
that is to say, by keeping up their difference of potential. 

A difference of potential can be maintained in many ways, 
but in every case there must be a device which will take some 
other form of energy, and convert it into electrification. 

A voltaic battery maintains a difference of potential by the 
expenditure of chemical energy. 

A dynamo maintains a difference of potential by the expendi- 
ture of mechanical energy. 

A thermo battery maintains a difference of potential by the 
expenditure of heal energy. 

c. The properties of an electric current are very different 
from those of an electric charge. While an electric charge 
makes itself known by exerting force, — attraction or repulsion, 
— an electric current makes itself known by doing work. It 
may deflect a magnet, decompose a chemical compound, heat a 
wire, or drive a motor. 

All continuous currents are alike in many respects. The 
student should first become fully acquainted with these com- 
mon characteristics, and with the language used to describe 
them. The most convenient typical current, for these pur- 
poses, is that which is maintained by chemical action in what 
is called a voltaic cell. 

184. A Simple Voltaic Cell. — a. The cell is represented by 
CC (Fig. 233). It consists of two plates of metal, one, amal- 
gamated zinc (2), the other, copper (c), partly immersed in dilute 
sulphuric acid. At the top of each plate is a binding screw 
by which to fasten wires (w, w f ). 



! 184.] 



ELECTRIC CURRENTS. 



329 



b. So long as the plates do not touch each other, and the 
wires are kept separate, no action is visible. But if the wires 
are brought together, so that there is a conducting pathway 
between the plates, then first, bubbles of gas will appear upon 
the surface of the copper plate, and if the experiment is pro- 
longed, the zinc plate will be found partially dissolved away. 
And second, if the wires are so long that one of them may be 
placed parallel \o, and just above, a magnetic needle (L), the 
needle will be quickly turned aside. 

The first of these facts shows that chemical changes are 
taking place in the cell, and the second shows that energy has 
been imparted to the wire outside. 




Fig. 233. 



c. The plates, the liquid in the cell, and the outside conduc- 
tor, taken together, constitute the circuit When this conduct- 
ing pathway is complete, the circuit is said to be closed. But 
if there is a nonconductor at any point in it, the circuit is 
said to be open or broken. There is no energy in the wire, nor 
should there be any chemical action visible in the cell, when 
the circuit is open. 

The following investigation will reveal the important details 
of the actions in the voltaic circuit. 

Experiment 180. — I. To study the action of dilute acid on zinc and 
copper separately. 

1. Put about 100 cc. of water into a bottle or beaker which would hold 
about twice as much, and add 6 or 6 cc. of strong sulphuric acid. Drop 
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several pieces of clean l sheet zinc into this dilute acid. The action should 
be brisk. Bring a lighted match to the mouth of the bottle. Describe 
the actions in detail. 

2. Insert a strip of copper into a fresh portion of dilute acid. Note 
the result. 

3. Fill an ordinary tumbler about two thirds full of dilute acid. In- 
sert a strip of clean zinc, and beside it, but not touching it, a similar strip 
of copper. Note the result. 

4. Remove the zinc, and amalgamate it by laying it flat upon a plate 
in contact with just a little mercury, and spread the mercury over both 

sides of it by gently rubbing it with a cloth. It 
should become silvery bright at all points. Place the 
amalgamated zinc in the acid. Note the result 

II. To study the action of dilute acid on zinc and 
copper when the metals touch each other. 

1. Fig. 234 represents strips of zinc and copper, 

in contact at their lower ends, in dilute acid. Try 

unamalgamated zinc first. Note fully. Then try 

Fig:. 934. amalgamated zinc. Note fully. 

2. Let the metals touch each other at their upper 

ends only. Note fully. 

III. To study the action of dilute acid on amalga- 
mated zinc and copper when their upper ends are con- 
nected by a wire. 

Use the more permanent arrangement of the simple 
cell (Fig. 285), in which the metal strips, z and c, are 
each fastened by a screw to a bar of dry 
wood. The wood insulates the metals from 
each other and supports them in the jar of 
acid. 

1. There should be little or no action. 
But bring the ends of the wires together, and 
decide whether the wire connection has the same effect as 
making the metals touch each other. 

2. Ascertain whether the connecting wire may be length- 
ened without impairing the effect perceptibly. The ends of a 
long wire may be joined to to, to by connectors (C, Fig. 236). 

IV. To detect the energy of the connecting wire. 
In addition to the long connecting wire a " magnetic needle " 
(Z>, Fig. 237) is required. A large sewing needle may be magnetized by 




Fig. 236. 



1 New. bright zinc should be scoured with sandpaper. 
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drawing it repeatedly across the pole of a magnet (Experiment 14). It 
may be suspended in a horizontal position by a fine silk fiber. Then pro- 
ceed as suggested by Fig. 237, the principal thing being to place one part 
of the long connecting wire parallel, near to, and either above or below 
the needle (NS), while the 

return branch is on the op- \ f^^ 

posite side of it or at aw\ 
much greater distance on 
the same side. Note the 
evidence of energy in the 



air near the connecting \ N~ 

wire. Open the circuit a ; 
note evidence of the loss 
of energy. 




V. To find out whether F jg. 237 . 

the acid acts on the zinc, or 

the copper, or both. Weigh the two plates (III.), which should be clean 
and dry, separately. Place them in the acid with their lower ends to- 
gether (II.), and leave them a few hours, perhaps overnight. Then dry 
and weigh them again. Remember that loss of weight signifies chemical 
action. 

Where does the action in the cell appear to the eye to be ? Where 
does it prove by this experiment to be ? 

These experiments have shown : 

1. That dilute sulphuric acid acts chemically upon common zinc, but 
not on amalgamated zinc, or copper separately. Give the evidence. 

2. That there is chemical action if the amalgamated zinc and copper 
are in conducting communication, either in or outside the liquid. Give 
the evidence. 

3. That there is energy in the air around the conductor when the cir- 
cuit is closed, which does not exist when the circuit is open. Give the 
evidence. 

4. That while the bubbles of gas escape from the surface of the copper, 
the chemical action is due to the zinc and not to the copper. 

185. The Chemical Actions in the Cell. — a. The chemical 
action in the cell is between the zinc and acid. There is no 
change in the copper. The molecules (§ 31, e, /) of sulphuric 
acid consist of atoms of hydrogen (H) ; of oxygen (0), and of 
sulphur (S). Now what happens is this. Atoms of zinc take 
the place of atoms of hydrogen, and produce molecules of a 
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new substance called zinc sulphate, which remains in solution 
while the hydrogen escapes in bubbles. 

H a S0 4 4- Zn = ZnS0 4 + H a . 

Sulphuric acid and wine produce zinc sulphate and hydrogen. 

b. This action must occur at the surface of the zinc, but the 
hydrogen appears at the surface of the copper instead. It is 
transferred through the liquid in an invisible form. 

This curious fact is accounted for by supposing that all the 
molecules of acid between the plates are affected, but not 
completely shattered, and that throughout the line there is a 
constant exchange of atoms going on among them. By this 
exchange the hydrogen atoms are handed along from one to 
another molecule, always toward the copper, while the S0 4 is 
handed along toward the zinc plate. 

XT 

Thus suppose a line of acid molecules, «q ! , between the zinc 
and copper plates when the circuit is open, as represented in the 
diagram (0, Fig. 238). When the circuit is closed, as shown at 
C, the molecule next the zinc is broken ; 
its S0 4 combines with the zinc, and the 
new molecule, ZnS0 4 , sinks away, while 
the S0 4 of all the other molecules slide 
over toward the zinc plate, and the H a 
slides over toward the copper plate. 
Each Ha, except the last, meets an SO^ 
by which it is kept from going off as 
free gas. But the last H„ meeting no 
S0 4 , escapes. Thus free hydrogen gas 
escapes at the copper plate, and free zinc sulphate at the zinc 
plate, while sulphuric acid is being re-formed all along the 
line. 

186. The Electrical Conditions in the Cell.— a. According to 
the chemical theory of the cell, the difference of potential, to 
which the current is chiefly due, exists between the metals 
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and the liquid of the cell. Both zinc and copper are. at 
higher potentials than the liquid, but the zinc is about one wtit 
higher than the copper. When the circuit is open there is a 
stress in the liquid field between the metals, directed toward 
the copper. But when the circuit is closed, two things hap- 
pen : There is a transfer of electrification through the liquid to 
the copper, and thence along the conductor outside, back to the 
zinc plate, and there are the chemical changes of the zinc and 
acid. The S0 4 is supposed to be charged with positive elec- 
tricity when it leaves the H 2 , and to impart it to the zinc plate 
when it is converted into zinc sulphate. In this way the 
potential of the zinc plate is continually kept up, and, conse- 
quently, a continuous current must exist through the liquid, 
the copper, the outside conductor, and the zinc 
plate, bac£ to its starting point in the liquid. 

b. The difference of potential and the conse- 
quent direction of the current are shown in 
Fig. 239. 

The potential of zinc in acid is about 1.8 
units (volts) higher than that of the acid. 1 

The potential of copper in acid is about .8 
units (volts) higher than that of the acid. Fl8r# * 39, 

Hence the potential of zinc in acid is about 1 unit higher 
than that of copper in acid. 

As the transfer of electrification takes place from higher to 
lower potentials, the direction of the current must be from zinc 
through liquid to copper, and thence through the outside conduc- 
tor from copper to zinc. 

c. The binding screws, or the ends of the wires attached to 
the plates, are called the poles or the terminals of the cell. 



. 1 Thompson's Elementary Lessons in Electricity and Magnetism, p. 152. 
These figures are not exact. Different values are given by different authori- 
ties. But the exact numerical values are less important here than the 
explanation, which is illustrated by approximate figures. 
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The upper end of the copper plate has a higher potential than 
that of the zinc plate ; hence the copper pole is positive and the 
zinc pole is negative. 

187. The Galvano8Cope. — o. Any instrument by which to 
detect the presence of a current and discover its direction, is a 
galvanoscope. It usually consists of a magnetic needle sus- 
pended in a coil of wire. 

We have seen (§ 184, b) that a magnetic needle is turned 
aside by a current passing over it; some further study will 
show that the direction in which the needle turns depends on 
the direction of the current along the wire. 

Experiment 131. — Object. To study the deflection of a magnetic 
needle by the energy of a current in its neighborhood. 

1. A magnetic needle, suspended by a fiber (Fig. 237) or balanced on 
a pivot, settles to rest with one end pointing northward (N) and the other 
southward (S) . Join the poles of a simple cell by a long copper wire. 
Hold a part of this wire above the needle and parallel to it, and so that 
the current on its way from copper to zinc will go from N to S. Observe 
that the N-pointing end of the needle turns toward the east Prove that 
this is not accidental. Hold the wire above the needle as before, but 
so that the current will go from S to N. Record the direction in which 
the N-pointing end turns. 

2. Place the wire below the needle, and record the direction in which 
the N-pointing end turns when the current goes from N to S, and then 
also when it goes from S to N. 

3. Bend the wire around the needle so that the current will go from 
N to S above the needle and from S to N below it at the same time. 
Record the direction in which the N end turns, and also whether its 
deflection is greater or less than when the current went only one way. 

b. These experiments should reveal two facts : 

1. Whenever the N end of a magnetic needle turns eastward, 
the current which deflects it is going from N to S through the 
wire which lies above it. 

2. Whenever the N end of a needle turns westward, the 
current which deflects it is going from S to N along the wire 
which lies above it. 

The following rule is a more useful way to state the facts : 
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Place the hand on the wire, with the palm toward the needle, 
and the outstretched thumb pointing in the direction in which 
the north end of the needle swings ; the outstretched fingers 
will then point the direction of the current in the wire. 

c. The galvanoscope is made in many forms, and the same 
instrument is not equally well adapted to all currents. In 
Fig. 240 a coil of many turns of fine 
wire is shown upon a wooden base. 
Above it is a dial graduated to show 
how far the needle is deflected. The 
needle lies inside the coil, suspended 
by a silk fiber, while a light pointer 
fixed to the. needle swings above the 
dial. In Fig. 241 a coil of few turns 
of thick wire is fixed upon the base. 
The coil, the needle, and the dial are 
inclosed in a box with a glass top. 
The first is a "high resistance, ,, and 
the second a " low resistance," galvan- 
oscope. 

A simple but useful instrument can be 
easily made ; it is represented by Fig. 242. Fig. 241. 

AA represents a light wooden box, 12 cm. 

square inside and 12 cm. deep ; L, a rectangular wooden frame, 3 cm. 
high, with a flat coil of insulated wire wound lengthwise, one or more 
layers, with its ends passing through the box to the binding posts, CC ; 

G 

6ft- i =j|6 

A 




Fig. 240. 




L 







Fiff. 242. 



M, a square of looking-glass, and s, a graduated paper ring cemented 
on the glass. A brass wire, 66, is stretched across the box near the top, 
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Fig:. 243. 



and a silk fiber, from its middle point, supports a needle, 1.5 cm. long, 
2 or 3 mm. above the center of the scale. FB shows the mirror, scale, 
and needle as seen from above. A long glass-thread pointer, tt, made by 
drawing out a piece of tubing (Experiment 26), is fixed at right angles 
to the needle. A glass cover, % protects the whole. 

d. The astatic galvanoscope (Fig. 243) is a more sensitive 
form. Its construction differs essentially in the needle. Two 

nearly equal needles are fastened 
together by a crossbar, with the N 
end of one opposite the S end of 
the other. The combination is sus- 
pended by a silk fiber, with the 
lower needle inside the coil CC\ as 
shown (Fig. 243). The earth's force 
is nearly neutralized in this way, because the attraction for N 
is nearly equal to the repulsion for S, and so the force of the 
current swings the needle with less opposition. 

e. Galvanoscopes do not measure a current (§ 187, a). Instru- 
ments for measuring currents are called galvanometers. These 
are galvanoscopes so constructed 
that the deflections of the needle 
bear some numerical relation to 
the strength of the currents 
which produce them. A tangent 
galvanometer is shown by Fig. 
244. In this instrument a very 
short needle is pivoted at the cen- 
ter of a circular coil, whose diam- 
eter is twenty or thirty times the 
length of the needle. In this case 
the strengths of two currents are 
proportional to the tangents of the deflections which they produce. 

The simple instrument described in e may be used as a 
tangent galvanometer for deflections up to 40°, and with no 
serious error in ordinary work up to 50°. 




Fig:. 244. 
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/. Very sensitive instruments will not stand strong currents 
without injury. They should always be protected by letting 
only a very small current go through them. How the current 
can be reduced for this purpose is illustrated 
by Fig. 245. A current from C on reaching L 
has the choice of two paths, one through the 
galvanometer, 6r, the other through the wire, 
LC; it divides between them, and the shorter 
and larger the wire LC, the larger will be the 
portion of current which it carries, and the less 
will be the current through the galvanometer 
(§ 194, c, 1, 2). By varying the size and length 
of this wire, the current through the galvanometer may be 
reduced as much as need be. Such a wire is called a shunt A 
shunt is a branch wire which carries a part of the current out- 
side of the instrument. 

g. It is often desirable to reverse the direction in which a 
current is passing through an instrument. This is most easily 
done by means of a commutator. 

A simple and good form is shown by Fig. 
246. 1 W represents a block of wood with 
three holes 1 cm. deep, one of which is shown 
at m. They are in a straight line, 3 cm. 
apart, and contain mercury. L is a piece 
of hard wood, pierced by two wires, 3 cm. 
apart, which are fixed to binding posts, a and 
6, and extend into the mercury cups below. 
Binding posts, C, C, B, communicate with 
the mercury cups. The — pole of the bat- 
tery is joined to both C and G' y and the + 
pole to B. A galvanometer G, is shown, 
joined to a and b. To close circuit, place L 
over the first and second mercury cups. To 
open circuit, lift L. To reverse the direction 
of the current through G, carry L over to the second and third mercury 
cups. The student should trace the paths of the current in each case. 




Fig. 24G. 



1 The " mercury commutator," as modified by the author. 
coolet's phts. — 22 
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188. Voltaic Cells with Different Materials. — a. Zinc, copper, 
and sulphuric acid are not the only substances which will pro- 
duce a current. Iron may take the place of zinc, platinum or 
carbon may take the place of copper, and other liquids may be 
used instead of sulphuric acid. The following condition, how- 
ever, is practically vital : There must be two solid conductors, 
and a liquid which will act chemically upon one more vigorously 
than upon the other. 

But each combination of materials differs from every other, 
in its power to produce a current. The two essential points of 
difference are, first, the difference of potential which the cell 
can maintain, and, second, the direction of the current which 
it produces. 

Experiment 182. — Object. To compare the currents produced by cells 
consisting of different materials. 

Set up the apparatus as shown in Fig. 247. L is a wooden bar ; to, to' 
are two wires to connect the plates of the cell with the galvanoscope, G. 

These wires pass through small holes 
in Z, which they fit tightly, in order to 
support the weight of the plates below 
without slipping. The plates are pro- 
vided with wires, and are joined to to, 
to' by the connectors C, C. L may be 
held by the jaws of a clamp at such 
height that the plates may be properly 
immersed in the liquid of the cell. 

Zinc, copper, carbon, iron, lead, 
and tin, with dilute sulphuric acid, 
and a solution of chromic acid, may be 
tested. Since we wish to discover dif- 
ferences due wholly to different materials, we should make our cells as 
nearly as possible alike in all other respects. Thus the plates should 
be of the same size, immersed to the same depth, and at the same dis- 
tance apart, and the same connecting wires should be used throughout the 
investigation. The arrangement of apparatus (Fig. 247) fulfills these 
conditions. 

Adjust the galvanoscope so that the needle, when at rest, shall lie 
over the NS or line of the scale, and parallel to the wire in the coil. 
Suspend a zinc and a copper plate from the connectors ; insert them in 




Fig:. 247. 
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dilute sulphuric acid, and join one of the leading wires to the galvano- 
scope. Join the other leading wire to the galvanoscope, and record the 
direction in which the N end of the needle swings, and also the angle 
at which the current holds it. Open the circuit at a only, as soon as the 
angle has been read. Substitute another plate, say carbon, for the copper. 
Make as many different combinations as practicable. Tabulate the 
observations. 



Experi- 
ment. 


Combination. 


Swine of 
NEnd. 


Current in 
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Which is the + pole of each combination ? 

Which combination appears to give the strongest current ? 

b. While a galvanoscope will not measure a difference of 
potential, it will show whether one cell maintains a greater 
difference than another, because a greater difference of poten- 
tial causes a stronger current, and a stronger current swings 
the needle farther. Therefore the deflections of the needle in 
the foregoing experiment should enable you to decide, (1) which 
combination maintains the greatest difference of potential, and 
(2) in what order the others follow. 

189. Polarization and Constant Cells. — a. A serious obstacle 
in the way of maintaining a steady current is found in the 
polarization of the cell. Polarization consists in the accumula- 
tion of hydrogen upon the surface of the copper plate (§ 185, b). 
The hydrogen film weakens the current in two ways : It makes 
the difference of potential in the cell less, because the gas is in a 
positive condition more nearly equal to that of the zinc ; and 
it increases the resistance which the current must overcome in 
the cell, because it is a poor conductor. Hence the current 
from a simple cell will gradually become weaker and weaker. 

b. How can polarization be prevented ? In general, by any 
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means which will prevent the deposit of the gas upon the 
copper. Keeping the plates in motion or agitating the liquid 
will do this, but not in the most practical way. The better 
plan, generally adopted, consists in using up the hydrogen by 
chemical action. A special substance is provided in the cell 
by which the hydrogen is converted into water. The sub- 
stance by which polarization is prevented is called a depolarizer. 
A cell in which polarization is prevented, so that its current 
does not vary in strength, is called a constant cell. 

c. The forms of cells are so numerous that volumes have 
been written to describe them. 1 The essentials of every prac- 
tical form are, however, the same : Two solids with an exciting 
liquid which acts chemically on one more vigorously than on 
the other. They differ in the materials chosen for the three 
essential parts, and in the devices used to prevent polarization. 
The choice of materials determines the difference of potential 
in the cell, while different depolarizers determine the constancy 
of the current. 

190. Electrolysis. — a. We have seen that a voltaic cell 
yields a current by transforming chemical energy into elec- 
trical energy. We are now to see how the energy of a cur- 
rent may be transformed back again into 
chemical energy. 

Experiment 133. — We are to pass an electric 
current through dilute sulphuric acid and collect 
the products. 

The neck of a funnel having been cut short, 
as shown in Fig. 248, is closed with a stopper 
through which pass two platinum wires, to, each 
terminating in a strip of platinum foil, p. Very 
dilute sulphuric acid, consisting of 1 part acid to 
20 parts of water, covers the platinum strips. 
Over the platinums invert glass tubes previously 
filled with the dilute acid. The funnel and tubes may be supported by 
means of a retort stand. Connect the wires, w, with a battery of two 




Fig. 248. 



1 Carhart's Primary Batteries ; Benjamin's The Voltaic Cell. 
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or more cells in series. Bubbles of gas escape from the platinums, and 
nearly twice as fast from the negative strip as from the other. These 
gases are oxygen (O) and hydrogen (H) as may be shown by testing 
them with a match flame. 

In this experiment the energy of the current has been expended to, sepa- 
rate the atoms of hydrogen and oxygen which were bound together in the 
molecules of the acid, and it now resides in the two gases as potential 
chemical energy. 

b. The decomposition of a liquid by a current is called 
electrolysis; the liquid decomposed is called the electrolyte. 
The -f terminal or electrode in the liquid is called the anode, 
and the — electrode is called the cathode. Because the oxygen 
is set free from the anode it is called an electro-negative sub- 
stance, while the hydrogen which is set free from the cathode 
is called an electro-positive substance. As a further illustration 
make the following experiment : 

Experiment 134. — Use solution of copper sulphate as the electrolyte 
in place of dilute sulphuric acid (Fig. 248). Oxygen will be collected, as 
before, over the anode; but instead of hydrogen being set free at the 
cathode, metallic copper will be deposited thereon. The electro-negative 
substance liberated from copper sulphate proves to be oxygen ; and the 
electro-positive, copper. 

c. Other metals may be deposited by electrolysis. Thus if 
a current is passed through a solution of silver cyanide, the 
cathode will be coated with silver, or " silvered ;" if through 
gold cyanide, the cathode will be coated with gold, or gilded. 

The process of covering the surface of an article with a 
somewhat durable coating of metal, by an electric current, is 
called electroplating. Sometimes the metallic deposit is in- 
tended to be removed, and used independently of the object 
on which it was deposited ; in this case the process is called 
electrotyping. Copies of medals and the plates from which 
books are printed are common forms of electrotypes consist- 
ing of copper. 

191. Secondary Batteries. — a. As the energy of a current 
may be converted into potential chemical energy by electroly- 
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sis, so this potential chemical energy may be reconverted into 
the energy of a current Secondary batteries are for this pur- 
pose. A secondary cell is one in which the chemical energy of 
the iqns — the substances set free by electrolysis — is converted 
back again into electric current. 

b. The cell consists of two plates of lead, both covered with 
a paste of red oxide of lead and sulphuric acid, or one with 
the red oxide and the other with litharge, immersed in dilute 
sulphuric acid. Such a cell will yield no current until it is 
charged. To charge it, an electric current is sent through it. 
By electrolysis of the liquid, oxygen is liberated at the -f- 
plate and hydrogen at the — plate. The oxygen combines 
with one of the lead oxides; the hydrogen takes oxygen 
from the other ; and the energy of the current now exists as 
chemical energy in the two coatings. This energy may remain, 
thus stored in the cell, for many days. On this account the 
cell is often called a storage cell But if the poles of this 
charged cell are connected, the chemical action is reversed, 
and an electric current is the result. 

192. Representing and Grouping Cells. — a. When a more 
powerful current than one cell can yield is wanted, two or 
more cells are joined together, and the 
group of connected cells is called a 
battery. 

b. Cells may be joined in two ways. 
Thus suppose we have three zinc-copper 
cells; then, 

1. We may connect all the zinc or — 
poles together, and all the copper or -f 
poles together, as shown in Fig. 249, L, 
where cells are represented by a conven- 
tional symbol, — a long thin line for the + plate, and a short 
thick line for the + plate. This method is called joining in 
parallel, or in multiple arc. 
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2. We may connect the poles alternately, the -f pole of 
one cell with the — pole of the next, as in Fig. 249, II, This 
method is called joining cells in series. 

193. Electromotive Force, —a. We have seen (§ 186, b) that 
the electric action in a cell is directed from the zinc through 
the liquid to the copper, and thence outside from the copper 
to the zinc. Now this directed action is what is called the cur- 
rent. The cause of the current is called electromotive force, as 
the cause of a current of water is called gravity. It is often 
called electrical pressure, on account of its fancied resemblance 
to the pressure which urges water from higher to lower levels. 

b. The E.M.F. 1 of a current, in the connecting wire outside 
a cell, is proportional to the difference of potential between the 
poles, just as the pressure of water in a jar is proportional to 
the difference of level between its top and bottom. 

c. The electromotive force of a cell depends on the materials 
used (Experiment 132). It has a certain value, always the 
same, when the cell consists of zinc, copper, and dilute sul- 
phuric acid of definite strength and at the same temperature ; 
but it has a different value in a cell containing iron in place of 
zinc, or platinum in place of copper, or chromic acid in place 
of sulphuric acid. Each combination of materials maintains 
its own specific electromotive force, without regard to the size 
of the plates or the extent of the liquid between them. 

d. When two or more cells are joined in parallel, the E.M.F. 
is not increased, because all the + plates being joined together 
are one continuous conductor, and hence must have the same 
potential ; and all the — plates for the same reason must have 
the same potential. The difference in potential is not changed, 
and hence the E.M.F. should be the same as that of a single 
cell. 

But if cells are joined in series, the E.M.F. is increased. 

1 An abbreviation for electromotive force. It should be read always in 
full — " an electromotive force," and not " an E.M.F." 
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The -|- plate in one is connected with the — plate in another ; 
hence the difference of potential of one cell must loe added 
to that of the next. The final difference, and therefore the 
E.M.F. (§ 193, 6), should be the sum of them all. 

6. The practical unit of E.M.F., or electrical pressure, is 
called the volt The volt is very nearly the E.M.F. of a 
single zinc-copper-dilute-acid cell. 

Since E.M.F. is that which urges the current along, an 
increase in its strength should increase the current<^ 

194. Resistance. — a. We have seen (§ 175, a, 6}nhat sub- 
stances differ in their power to conduct electrification. All 
substances obstruct the passage of the current more or less. 
That property of matter by virtue of which it obstructs the 
passage of a current, is called resistance. If the poles of a cell 
are connected by a glass rod, no current is obtained because 
the resistance of glass is very high; but if they are con- 
nected by a copper wire, a current flows freely, because the 
resistance of copper is low. Since resistance always opposes 
the flow of electricity, an increase in it must diminish the cur- 
rent. Good conductors offer small resistance and permit more 
current to flow. Conductivity and resistance are the reciprocals 
of each other. 

Experiment 135. — Object. To discover whether the strength of a cur- 
rent depends on the material of the conductors which connect the poles 
of the cell. 

Make three trials, alike in all respects except that different kinds of 
wire are used to complete the circuit. Use the same cell and immerse 
the plates to the same depth, for all the trials. 

1. Support the plates of a zinc-copper cell out of the liquid 1 (Fig. 260), 
while you make connections as follows: Join one pole to the galvano- 
scope, G, by a short wire, s, and the other pole to the galvanoscope by 
about 10 feet of No. 30 copper wire, ww, which may be kept from kinking 

* " Bichromate Solution " is better than dilute acid because the polariza- 
tion of the cell is less. To make it : Dissolve 115 g. of sodium bichromate in 
1000 cc. of cold water. Add slowly, with constant stirring, 110 cc. of strong 

" huric acid. Let the hot solution cool before using it. 
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or touching itself by passing around a bottle, C. See that the coil of the 
galvanoscope is parallel to the needle at rest. Immerse the plates, and 
note the deflection of the needle. 

2. Lift the plates from the liquid while you put an equal length of 
No. 30 iron wire in place of the copper. Immerse the plates, and note 
the deflection. 




Fig. 950. 

3. Repeat with an equal length of No. 30 German silver wire. 

Remember that a larger deflection shows a stronger current. Which 
of the wires used transmits the strongest current ? Which obstructs the 
current most? All other things being equal, which offers the greatest 
resistance, copper, iron, or German silver ? 

Experiment 136. — Object. To discover on what the resistance of a 
conductor of a given material depends. 

Pass the current from the same cell through wires of the same material, 
but of different lengths and diameters. The wires may be attached to 
English binding posts set in a board (Fig. 251), so that the distance be- 




Flg. 251. 



tween one, C, and each of the three others, a, 6, c, shall be 1 m. A fifth 
post, C, may be placed 1 m. from c. The cell, U, the galvanoscope, 6r, 
and the wire to be tested are to be joined in series as shown. A German 
silver wire, No. 30, is to extend from a, around C, to b. Another German 
silver wire, No. 28, is to extend from C, around c, to C. 
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Or the frame can be dispensed with, and the wires fixed as in Fig. 
260. Thus longer wires may be used at pleasure, by passing them 
several times around two bottles (E, F, Fig. 260), a meter apart. 

1. Fix one leading wire, to, to a, and the other, to', to C, and read the 
deflection of the galvanoscope. Note, in a tabular form, the size of the 
wire aC, its length, and the deflection. Insert 2 m. by changing connec- 
tion of w' from C to 6. Insert | m. by pressing the end of to' on a C half 
way between the posts. These observations show that the resistance of a 
wire depends on the length of a conductor. What relation is revealed ? 

2. Pass the current through the 2 m. of No. 28 wire. Compare the 
deflection with that obtained when 2 m. of No. 30 wire was used. This 
experiment shows that resistance depends on the size of a conductor. 
What relation is revealed ? 

3. Join a and & by a short wire. Then fix one wire, to, to a, and the 
other, to', to C. Now, on reaching a, the current is divided. One part 
goes over each of the two wires to C. Compare the deflection with that 
obtained with the 2 in., the 1 m., and the J m. in the first set of observa- 
tions. The result should reveal the effect on resistance of joining two 
conductors in parallel. 1 What effect is shown? 

4. Two meters of iron wire, No. 30, may be wound around bottles, 
tested, and compared with the 2 m. German silver wire, to discover 
whether resistance depends on the material of the conductor. 

And again, 5 m. of iron wire and 30 m. of copper wire of the same 
size (No. 30) may be used, and the results compared. 

b. The practiced unit of resistance is called the ohm. The 
ohm, as precisely defined by electricians, is the resistance of a 
column of pure mercury at 0° C, 106.3 cm. long, containing 
14.4521 g. The cross section of this column is about 1 sq. mm. 2 
It is well to remember that 300 feet of common iron telegraph 
wire has a resistance of about 1 ohm. A ready laboratory 
standard for illustration is 9.3 feet of No. 30 (B. & S.) copper 
wire ; its resistance is very nearly 1 ohm. 

c. By carefully measuring the resistances of conductors 
(§ 198) the following laws have been revealed: 

1 Two conductors in parallel are equivalent to one of larger size having 
a cross section equal to the sum of the cross sections of the two. 

3 This is known as the international ohm because it has been fixed by con- 
gresses of electricians made up of delegates from several countries. It is a 
little larger than the older ohm, known as the British Association ohm, or 
B. A. ohm. 1 international ohm = 1.013+ B. A. ohms. 
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1. The resistance of a conductor of uniform cross section and 
material is directly proportional to its length. Thus if the re- 
sistance of 9.3 feet of copper wire, No. 30, is about 1 ohm, that 

100 
of 100 feet of the same wire is about — -, or 10.75, ohms. The 

resistance of 300 feet of iron telegraph wire is about 1 ohm ; 
what is the resistance of 1 mile of the same wire ? 

2. The resistance of a conductor of given length is inversely 
proportional to the area of its cross section. In round con- 
ductors, such as wires, the areas of cross sections, and therefore 
the resistances, vary inversely as the squares of their diam- 
eters. Thus, other things being equal, a wire whose diameter 
is twice that of another offers but \ as much resistance. The 
diameter of No. 30 copper wire is .01 inches ; if the resistance 
of 9.3 feet is 1 ohm, the resistance of the same length of No. 
18, whose diameter is about .04 inches, is only -fa of an ohm. 

3. The resistance of a conductor of given length and cross sec- 
tion depends on the material of which it is made. Thus the 
resistance of 9.3 feet of copper, No. 30, is about 1 ohm, but 
it takes only 1.32+ feet of German silver wire, No. 30, to give 
the same resistance. 

4. The resistance of a conductor of a given length and cross 
section depends on its temperature. A rise of temperature in- 
creases the resistance of all metals; it diminishes the resist- 
ance of carbon, and also of all nonmetallic liquid conductors. 
Thus the liquid in a cell offers less resistance when warm 
than when cold, while the leading wires outside offer more. 

d. At a given temperature the resistance, R, of a conductor 
is fixed by the length, l f the cross section, a, and the specific 
resistance, k, 1 and its value, according to the foregoing laws, 
is given by the formula a 

1 The resistance of a conductor, whose length is 1 cm. and whose cross 
section is 1 sq. cm., is called the specific resistance of the substance. 
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195. Studies. — 1. Find the resistance of a German silver wire 100 cm. 
long, of section .002 sq. cm., the specific resistance of German silver 
being 21.17 microhms (a microhm is the millionth of an ohm). 

100 
B = t~ .00002117 = 1.068 ohms. 

^ 2. Find the resistance of a platinum wire 100 cm. long, and .2 mm. in 

diameter, the specific resistance of platinum being 9.158 microhms. 
\ 3. Find the resistance of a copper wire 125 feet long, and .02 inches in 
\ \ diameter, that of a wire of same material 1000 feet long, and .005 inches 

in diameter being 424,65 ohms. 
J 4. If 4 voltaic cells, alike in all respects, are joined in series, and the 

internal resistance of each cell is 3 ohms, while the connecting wires are 
so large and short that their resistance may be neglected, what is the 
resistance of the battery ? 1 

5. If the same 4 cells are joined in parallel, what is the resistance of 
^- the battery? 2 

' 196. Strength of Current. — a. If water flows through a pipe 

at the rate of 100 cubic inches per second, the current is twice 
as strong as if the rate were only 50 cubic inches per second. 
Thus the strength of a water current is described by the quan- 
tity of water per second which flows through the channel. 
So the strength of an electrical current is the quantity of electricity 
per second which passes along the conductor. 

b. The quantity of electricity in a current is measured in 
units called coulombs, just as the quantity of water in a cur- 
rent is measured in units called cubic inches. A current of 
10 coulombs per second is tenfold stronger than one of 1 
coulomb per second. A current of 1 coulomb per second is 
called an ampere, and this is the practical unit of current 
strength. 

c. Dr. G. S. Ohm of Berlin first pointed out the fact that the 
strength of any current depends on two things: The electro- 

1 The internal resistance of a cell is practically the resistance of the fluid 
between its plates, because the plates being large and good conductors, their 
resistance is practically nothing. 

2 Plates joined in parallel are equivalent to a single plate with a surface 
equal to the sum of theirs, and hence, practically, they increase the area of 
the cross section of the fluid through which the current must go. 
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motive force of the battery or generator, and the resistance of 
the circuit (§ 193, e; § 194, a). Ohm's law states that the 
strength of Sirrent varies directly as the total electromotive force, 
and inversely as the total resistance of the circuit If we let I 
stand for current, E for electromotive force, and R for resist- 
ance, Ohm's law may be written : _ 

y E volts (* ^ *VC" 

I = — , or amperes = — — -• <~ /? 

R ohms * 

Thus : If the electromotive force, E, of a current is 40 volts, 
and the resistance, R, of the wire which carries it is 5 ohms, 
then the strength of current, i", is ^, or 8, amperes. 

Again : If E is 1 volt, and R is 1 ohm, then / is 1 ampere. 
Hence we have another definition of the ampere as follows : 
An ampere is the quantity of electricity which will flow 
through a resistance of 1 ohm, under the pressure of 1 volt. 

197. Studies. — 1. A circuit is made up of a cell, c, whose E.M.F. is 
2 volts, and whose resistance is .6 ohms ; a galvanometer, g, whose resist- 
ance is 10 ohms ; and the wires, to, to, which connect the two, whose joint 
resistance is .6 ohms ; what is the strength of current ? In this case you 
should see that Ohm's law gives 1 

jp q 

J = — or - = .18 amperes. 

He + B g + M w .6 + 10 + .6 

2. A battery of 5 cells in series, each cell with E.M.F. of 1.1 volts 

and a resistance of 3 ohms, is in closed circuit with an outside connecting ' I , 
wire whose resistance is 10 ohms ; what is the strength of current in the 
circuit ? Ans. .22 amperes. 

3. A battery of 5 cells, joined in parallel, with E.M.F. of 1.1 volts 
each, and a resistance of 3 ohms each, is in closed circuit with an out- [ > 
side connecting wire whose resistance is 10 ohms ; required the strength 

of current in the circuit. Ans. .1+ amperes. 

d. In setting up a battery, the cells should be joined in series 
if the external resistance in circuit is large, but in parallel if 
that resistance is small The following examples show the 
advantage of linking the cells in one or other of these ways, 

i We write Re to stand for the resistance of the cell, c, and so on. 
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according to the amount of resistance outside. We will first 
suppose the outside resistance to be large. 

1. Find the strength of current in a wire of 1000 ohms resistance, with 
1 cell whose E.M.F. is 2 volts and resistance .6 ohms. 

/= = .00190 amperes. 

1000 + .5 

2. Find the strength of current in the same wire with 100 similar cells 
joined tit series. Ans. .190+ amperes. 

3. Find the strength of current in the same wire with 100 similar cells 
, joined in parallel. 

Q 

J == ^ ^ S -<*»*• .00199+ amperes. 

1000 + .005 ^ 

We find that the strength of current through the very large 
resistance is almost 100 times greater with 100 cells in series 
than with one cell, while with 100 cells in parallel the current 
is no greater than with one. 

We next suppose the outside resistance to be small. 

si 1. Find the strength of current in a wire whose resistance is .001 ohms 

' with 1 cell whose E.M.F. is 2 volts and resistance .5 ohms. 

^vt^ . ^.99 Am. 3.33+ amperes. 

' 1 t 2. Find the strength of current in the same wire with 100 similar cells 
in series. 

I = t^ t^z' Ans. 3.99+ amperes. 

50 + .001 *^ 

<>' > 3. Find the strength of current in the same wire with 100 similar cells 

in parallel. 

2 

I— "73^ ^r* Ans. 333+ amperes. 

.005 +.001 ^ 

We find that the strength of current through a very small 
resistance is little greater with 100 cells in series than with 
one, while with the 100 cells in parallel the current is 100 
times greater than with one. 

198. Measurement of Resistance. — a. We have seen (Experi- 
ments 135, 136) how to compare the resistance of one conductor 
with that of another ; we are now to learn how to measure the 
resistance in ohms. The apparatus consists of a constant cell 
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(§ 189, b), a galvanoscope, a set of resistance coils, and a key. 
Fig. 252 represents a "gravity cell" well filled for the purpose. 
The galvanoscope should be the most sensitive obtainable. An 
astatic galvanoscope (§ 187, d) is best. 

b. Resistance coils of wire are used 
as standards of resistance, just as box- 
masses are standards of mass. A resist- 
ance box contains a set of coils, each 
of which has a definite and known 
resistance, which can be put into or 
taken out of circuit at pleasure. Each 
coil is made of insulated wire, doubled 
upon itself, with the two ends fixed to 
separate brass blocks (Fig. 253), A, B y 
C, D. 1 When brass plugs are inserted, 
as a and c, the coils, L, C, will not receive the current ; but if 
a plug is out, as b, the current must pass through the coil C, 
below, and its resistance is thus thrown into the circuit. A 
box of coils ranging from 1 ohm, or any other value, upward 
in regular order, is called a rheostat. ACB (Fig. 254) is a 




Fig. 252. 
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Fig. 254. 



diagram of the top of a plug rheostat with the resistances of 
the coils marked in ohms. Binding posts are found (A, B) at 
the ends of the rheostat. The third row, LC, is no part of this 



1 The winding of the coil double is to neutralize the self-induction (§ 216) 
as far as possible. 
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rheostat, but accompanies it to be used as a part of a Wheat- 
stone bridge (c). 

Fig. 255 represents one form of key. The circuit is closed 
by pressing the knob. 





Fig. 255. Fig. 256. 

Experiment 137. — Object. To measure the resistance of a given wire 
by the method of substitution. 

Connect the battery, B, the key, L, the given resistance, C, and a 
galvanoscope, G, in series as shown (Fig. 256). Note the reading of the 
galvanoscope carefully. Put a rheostat in place of the resistance, C, 
without disturbing the cell or galvanoscope. Remove plugs until, by trial, 
you obtain the same deflection of the needle as before. 

The sum of the resistances in circuit will be equal to the resistance of 
the given wire, because equal resistances reduce the strength of a current 
equally, and equal strengths of current produce equal deflections. Repeat 
the work and take the average value. The greatest danger of error lies 
in the battery ; if the cell is not constant, the results are worthless. 

c. The best method of measuring resistance is carried out 
by means of a Wlieatstone bridge. The principle of the bridge 
is that of a divided circuit. Thus a current in a wire, L (Fig. 
257), finds at A two conductors leading to the point B, where 
they unite in one. This is a divided circuit. In such a case the 
current will divide at A, and the parts which traverse the two paths 
will be inversely as the resistances of the conductors (§ 194, a). 

d. But we have seen that the point toward which a current 
goes, has a lower potential than that from which it goes. Thus 
B (Fig. 257) has a lower potential than A. In fact, every 
point along the way from A to B must have a lower potential 
than the one behind it. This gradual lowering of potential 
between two places is described as the fall of potential. 
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Since the potential must fall just as much between A and B 
on one path as on the other, there must be for every point, C, 
on one conductor some point, C, with an equal potential on 
the other. In that case 
if a wire should bridge 
across from C to C", 
no current would flow 
through it. The most sen- 
sitive galvanoscope could 

be joined to C and C" without being affected by the strongest 
current from L, provided these two points have equal poten- 
tials, and they will have equal potentials if the resistances of 
the four parts of the divided circuit are properly adjusted. 
The facts as to this adjustment are as follows : 1 

e. Thus Fig. 258 represents a circuit divided at A, reuniting 
at D. Let M stand for the resistance of the conductor, AB, N 

for that of AC, for that of 
BD, and P for that of CD. 
Then if these resistances are 
so adjusted that 

M: N::0:P, 

the points C and B will have 
equal potentials, and no cur- 
rent will flow through the 
galvanoscope, G, which con- 
nects C and B. Wlien this is 

the case, if the three resistances, M, N, and 0, are known, the 

fourth, P, can be computed, 
f There are two forms of Wheatstone bridge, — one known 

as the coil bridge, the other as the wire bridge. 

The coil bridge (Fig. 259) consists of three sets of resistance 




Fig. 258. 



1 Advanced students may find the theory in Carhart's University Physics, 
pp. 278-280. 

coolet's phys. — 23 
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coils, corresponding to M } N 9 and 0, to which can be joined the 
unknown resistance which corresponds to P. Patiently com- 
pare Fig. 259 with Fig. 258. The same letters represent cor- 
responding parts. 

Observe also that the battery, B, and the galvanoscope, G, 
are connected with corresponding parts in the two figures. A 
key, K y is added in Fig. 259. The two conductors, AB and 
AC, are called the arms of the bridge, and the third, 0, is 
called the rheostat. Notice that the resistance in the arms 
can be made equal, or one of them 10 or 100 times the other, 
by the removal of plugs. 




N::0; 



Fig. *59. 



g. To illustrate the method, of measuring a resistance : . P 
(Fig. 259) was a coil of wire whose resistance was unknown. 
M was made 100 ohms, and N 10 ohms, and then by trial it 
was found that no deflection in the galvanometer occurred 
when the sum of the resistances in O was 25 ohms. Since 
M : N : : O : P (e), we have, for the resistance of P, 

100 : 10 : : 25 : P. Hence P = 2.5 ohms. 

If M had been made 10, N 1000, and if O had been found to 
be 25 ohms, then the resistance, P, would have been found by 
the proportion 10 : 1000 :: 25 : P, to be 2500 ohms. 

Experiment 138. — Object. To find the resistance of 5 m. of No. 24 
German silver wire to within one ohm. 1 



1 Other conductors may he chosen, but they should he precisely described 
in the notebook. 
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The wire, P, should be joined by connectors to the ends of heavy 
wires, a and b (Fig. 2(H)), whose resistance may be neglected, and by 
these to the bridge at D and C. Its length is to be measured carefully 
from the outsides of those connectors ; hence cut it 4 cm. longer than the 
5 m., and push 2 cm. of each end through a connector. Let the wire be 
supported by winding around two heavy bottles, E, F, so that it shall not 
touch itself at any point. Join the battery to A and D with a key, as 
shown. Join the galvanoscope, Q, to B and C. Put K and & near the 
front of the table, so that while the left hand manages the key you can 
place the eye directly over the scale of G. 



The galvanoscope should be as far from P as practicable, so that it 
shall not be affected by the current in that wire, and its leading wires, L> 
should be parallel, as shown, so that it shall not be affected by the cur- 
rent in them. 

It is best to make a preliminary test as follows : Make M and JV equal. 
Remove the first plug of the rheostat ; press K, and note the direction of 
the swing of the needle, G. Restore the plug ; remove the last plug of 
the rheostat ; press K, and note the direction of the swing. The swings 
should be in opposite directions. If they are not, either the resistance of 
P is greater than any contained in the bridge, or the connections are 
wrong. Examine the connections. If they prove to be right, try another 
ratio in the arms ; make M ten times N, and repeat the operations. If 
then the swings are in opposite directions, you have all the conditions 
for measuring P; but if not, make M one tenth of JVand try again. But 
let us suppose that M= N. 

Now proceed to put into the circuit one resistance after another by 
removing plugs from the rheostat, watching the needle after each change, 
remembering which way it swings for too much and for too little, until, 
with the addition of a one-ohm coil the swing indicates " too much," while 
without it the swing indicates " too little." The sum of the rheostat resist- 
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ances is the value of 0, and, since M= iV, must equal P to within 
one ohm. Time and confusion are saved hy removing the plugs in sys- 
tematic order in the same way that box-masses are placed on the pan 
of a balance (§ o, f). 

h. The wire or meter bridge, with its connections, is shown 
in Fig. 261. Upon a base of varnished wood are two L-shaped 
strips of copper, B, C, and between these is a straight piece, A. 
A German silver wire extends from D to E, with its ends 
soldered to the L-shaped strips. It lies upon a scale gradu- 
ated to millimeters. T is a sliding contact, — a wire fixed in a 
block which may slide along DE. These parts constitute the 
bridge. 

The connections are as follows: One pole of the battery joins 
the tniddle binding post of A, and the other joins the sliding 




contact, jP. The galvanometer, G, joins the two L-shaped 
strips of copper at a and b. A rheostat, R, connects the adja- 
cent binding posts of the two strips B and A ; and the body x, 
whose resistance is to be measured, connects the adjacent posts 
of C and A. The course of the current should be traced 
through the circuit by help of the arrows. 

The operations to measure a resistance, x, consist in, first, 
removing plugs, to insert a known resistance at B. This 
should be as nearly the resistance of x as it is possible to 
estimate. Second, finding by trial where T must be placed on 
*he wire to cause no deflection of the needle of the galvanom- 
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eter; third, reading the lengths of the parts of the wire, DT 
and ET. The value of x is then found by the proportion 

x : R : : m : n. 

Experiment 139. — Object. To verify the following law: The resist- 
ance of a conductor of uniform cross section and material is directly pro- 
portional to its length (§ 194, c). 

Apparatus: A wire bridge (Fig. 261). The mounted resistance wires 
(Fig. 251). A constant cell. A key. A galvanoscope. Connect the 
battery, galvanoscope, and rheostat with the bridge as in Fig. 261, placing 
a key in the battery circuit. Then in place of x put the wire aC (Fig. 
251). Large wires must be used to connect J? and x with the bridge, so 
that their resistance may be very small (§ 194, c, 2). 

Shunt the galvanometer (§ 187, /); this is very important. Remove 
a plug from the rheostat, and proceed as follows : 1. Place the sliding 
contact, T, near the end, E y of the wire; the galvanometer will be 
deflected, let us say, to the left. Then place T near D; the deflection 
should be to the right. This will show that the connections are all right. 
2. Find where 7* must be placed to make the deflection small ; then take 
off the shunt, and very carefully obtain the position of T for no deflection. 
Note the values of i?, m, and n. 

Make the wire 2 m. instead of 1 m. long, by connecting posts a and b 
(Fig. 251) with the bridge, and again find the place of T for no deflection. 
Compute the two resistances, and see if they accord with the law stated. 

Experiment 140. — Object. To verify the following law (§ 194, c, 4): 
The resistance of a metallic conductor depends on its 
temperature. 

Method. Measure the resistance of a copper "wire at 
0°C. and at 100° C. by the wire bridge. 

Apparatus. A Hall's temperature coil, and a wire 
bridge with all its necessary accessories (Fig. 261). 
The coil (Fig. 262) consists of a long, fine, copper wire, 
wound in a groove around a hollow cylinder of hard 
rubber, open at the bottom. It terminates in two large 
wires, W, W, by which to connect it with the bridge. 
A thermometer, T, is inserted through the cap to show 
the temperature. 

Operations. Insert the coil in a beaker of ice water, 
and when the temperature has become stationary at 0°, 
keep it so as nearly as possible, while you connect the coii to the meter 
bridge in place of x, and proceed as in Experiment 138 to measure its 
resistance to the nearest ohm. Denote this resistance at 0° C. by Bq. 




Fig. 262. 
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Insert the coil in a beaker of water, and keep it at 100° C. as nearly 
as possible while you measure its resistance again to the nearest ohm. 
Denote this resistance of the coil at 100° C. by Biw If you find i?ioo dis- 
tinctly larger than J? i the statement in regard to the effect of heat on 
resistance is verified. 

From the results of Experiment 140, we may find what is called the 
temperature coefficient of resistance of copper. The temperature coeffi- 
cient is the amount of change, per ohm, in the resistance of the conductor 
at 0°, caused by 1° C. 

What computations are necessary, and the reasons for each step, may 
be stated as follows : 

The total resistance at 0° C. has been found . 
The total resistance at 100° C. has been found 
. \ total change in J? ohms for 100° C. = 

.-. total change in 1 ohm for 100° C. = 

.-. the change in 1 ohm for 1° C. = — x 

100 jRo 

Carry this computation through with your values of 2?ioo and J? to 
find the temperature coefficient of copper. 

199. Measurement of Electromotive Force. — a. The practical 
unit of E.M.F. is the volt. The standard (§ 2, b) is a cell 
whose E.M.F. is accurately determined. 1 A Daniell cell * has 
an E.M.F. of very nearly 1 volt, and is approximately constant. 
We shall use a Daniell cell of the gravity form (Fig. 252) as 
the standard in our experiments, but inasmuch as its E.M.F. is 
not exactly 1 volt, let us call it, for the present, "1 Daniell." 

b. The facts on which one method (Wheatstone's) of meas- 
uring E.M.F. is founded are: 

1. The electromotive forces of two cells are to each other 
as the two resistances which produce equal diminutions of the 
strength of current. 

2. Equal diminutions of the strength of current are shown by 
equal diminutions of the deflections of a galvanoscope needle. 

1 The Latimer Clark cell has been adopted as the international standard. 
See Carhart's University Physics, Part II., p. 251. 
thart's University Physics , p. 241. 
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If W stands for E.M.F. of the given cell, and E for that of 
the standard, while R' and R stand for the resistances which 
will reduce the swing of the same galvanoscope needle by the 
two cells equally, the first of the above facts declares that 



E':E::R':R; .\ E' = E 



R' 1 

r' 



Experiment 141. — Object. To find the E.M.F. of a given cell by com- 
parison with a Daniell. 

Join the Daniell cell, C, a rheostat, It, a galvanoscope, £, and a key, 
K, in series as shown (Fig. 263). Insert resistance by removing plugs 
until you get a deflection, 
d, of about 45°. Note this 
resistance, and designate it 
r. Then insert additional 
resistance enough to reduce 
the deflection any conven- 
ient number of degrees, say 
10. Designate this resistance by r -f R. Next put the other cell in place 
of C, and insert resistance to produce the same deflection, d. Designate 
this resistance by r'. Insert resistance to reduce the deflection the same 
number of degrees as before. Designate it by r' + i?'. These operations 
should be repeated two or three times. Record the observations in tabular 
form, thus : 




Observations. 


Computations. 


Trials. 


r 


r + R 


r' 


r' + R' 


R 


R' 




* 











Average 
Then by substitution in E' ■ 



R' 



•■ E-— you can find how many " Daniells" 

there are in the E.M.F. of the given cell. 

If the value of 1 Daniell is known, the E.M.F. of the other cell is 
found in volts by multiplying. Let the Daniell be 1.08 volts, and the 



l For proof of this principle see Chute's Physical Laboratory Manual, p. 129, 



360 



ELECTRICITY. 



[§199. 



mean of your results for the other cell be 1.8 Daniells ; then the E.M.F. 
of the other cell is 1.08 x 1.8 = 1.9, volts. 

c. The E.M.F. of a current may be measured with facility 
by means of a voltmeter. A voltmeter is a galvanometer which 
shows the E.M.F. directly in volts. There are several varie- 
ties, but all forms agree in this : 1. The coil has a very high 
resistance, so that little current will be transmitted. In this 
case the deflection is proportional to the E.M.F. 

This fact appears from a study of Ohm's law (§ 196, c). 

Let r stand for the internal resistance of a circuit and It 

E 



for the external resistance. Then 1 = 



Now if R is 



r + R 

very great in comparison with r, then / will be affected very 

little by changes in r, and / will vary directly as E. Hence 
the deflection of the needle will stand for the E.M.F., and 
the scale divisions indicate volts. 1 The potential difference 
between any two points can be measured in the same way. 

Fig. 264 represents a Weston's voltmeter. To measure the 
E.M.F. of a cell, the binding posts, A, B, are connected with 




Fig. 264. 

the poles of the cell ; the pointer swings at once to the scale 
number showing its value in volts. 

1 The voltmeter is calibrated, that is graduated, to indicate volts, hy mark- 
ing the positions of the pointer when 1, 2, 3, and other numbers of volts are 
actually used. 
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200. Measurement of Strengths of Current. — a. One method 
of finding the strength of a current is carried out by means of 
an ammeter. An ammeter is a galvanometer which shows 
the strength of a current directly in amperes. There are sev- 
eral varieties, but all forms agree in this : The coil has a very 
low resistance, so that it will not sensibly reduce the current 
which it is to measure. In this case the deflection is propor- 
tional to the strength of current. This will appear from a 
study of Ohm's law as above, by taking R = 0. Hence the 
scale divisions indicate amperes. To measure a current it is 
only necessary to send it through the ammeter ; the pointer at 
once swings to the number of amperes. 

b. Another method of finding the strength of a current con- 
sists in measuring both the E.M.F. and the resistance, and 

substituting these values in Ohm's formula, I = — (196, c). 

K 
Thus if with a Wheatstone bridge the resistance in a circuit is 

found to be 5 ohms, and with a voltmeter the E.M.F. is found 

17 
to be 17 volts, the formula gives J = — , or 3.4, amperes. 

5 

c. Still another method is carried out by means of a tangent 
galvanometer. If we wish only to compare two currents, we 
obtain deflections by one and then the other, and find the 
tangents of these angles in a table of natural tangents. The 
ratio of these tangents will be the relative strengths of the cur- 
rents. Thus two deflections were found to be 15° and 45°. 
A table gives the tangent of 15° = .268, and of 45° = 1.000. 
Then if I and T stand for the strengths of the two currents, 
we have, by the law of tangents (187, e), 

J:/'::. 268: 1.000 or : : 1 : 3.73. 

That is, the strength of one current is 3.73 times that of the 
other. 

If we wish to measure a current, we would, after finding the 
tangent of the deflection, convert it into amperes, by multi- 
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plying it by a certain number, called the constant of the gal- 
vanometer. This constant must be found by experiment for 
each galvanometer. 

201. Measurement of Other Quantities. — Every electrical 
quantity, whether it relates tp currents, to static charges, or 
to magnets, can be measured, but for the methods and appa- 
ratus employed the student is referred to laboratory manuals 
devoted to the methods of experimental work. 



MAGNETS AND THE MAGNETIC FIELD. 

202. Magnets. — a. One of the most important properties of 
certain bodies, called magnets, is revealed by the following 
experiment : 

Experiment 142. — In Fig. 265, CC represents a slender rod of iron, 
with many turns of insulated copper wire, No. 20, wound around it, 
leaving only the ends bare. I is a block of 
wood with two semicircular grooves filled with 
mercury. The rod is balanced on the end of a 
thread of untwisted silk, and suspended from 
above so that the ends of the wires, to, to, just 
penetrate the mercury. The block, L, is care- 
fully adjusted so that when the rod swings, the 
wires will follow the semicircular mercury cups. 
The rod should rest equally well in all posi- 
tions. Place it east and west. Then put one 
terminal of a voltaic cell into each mercury cup. 
The rod should swing into a line nearly north 
and south, and refuse to rest in any other posi- 
tion while the current is on. This shows that the rod has become a 
magnet. 

A magnet is a body which, if perfectly free to move, will rest 
in one position only. Its axis will be directed nearly north and 
south. 

b. Magnets differ from other bodies in another respect, which 
is revealed by the following experiment; they attract iron in 
preference to other metals, 




Fig. 265. 
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Experiment 143. — Send the current again around the rod CC f (Fig 
265), and then put small iron nails or tacks in contact with the ends of 
the magnet. A tuft of these bits of iron should cling to each. Try bits 
of copper wire and of other substances. The power to attract iron is a 
characteristic property of magnets. 

Magnets are bodies which attract iron in preference to other 
metals. 

203. Natural and Artificial Magnets. — a. One of the richest 
ores of iron is called magnetite. Certain specimens of this ore 
are natural magnets. They attract iron, in preference to other 
metals, and will not rest when suspended, except when certain 
points are directed north and south. This mineral is the lode- 
stone of the ancients, who used these natural magnets to direct 
their ships at sea. 

b. Artificial magnets are made of iron. Bars of soft iron 
may be temporarily magnetized or converted into magnets by 
the action of an electric current (Experiment 142). Bars of 
hard iron or steel may be permanently magnetized in the same 
way, or by stroking them repeatedly in one direction with one 
end of a magnet (Experiment 14). 

Experiment 144. — Object. To magnetize a darning needle. Use the 
rod and coil CC (Fig. 265). 

1. Magnetize the rod as in Experiment 142. The ends of the wires, 
w, w, would better be joined directly to the terminals of the cell, and 
the rod and coil held in the hand. 

2. Draw the darning needle from point to eye across one end of the 
rod repeatedly, and keep it at a distance while carrying it back each 
time. That the needle has become a magnet you can prove, because it 
will point north and south if suspended, and lift small nails or a tuft of 
iron filings to which either end is presented. Try it. 

3. Now heat the needle red-hot, and try it with the nails again. Then 
anneal it as thoroughly as possible (§ 42, d), and try to magnetize it. 
Finally temper it very hard (§ 42, c) and try again. What inferences can 
you draw from these experiments ? 

c. Artificial magnets retain their magnetic properties for a 
short or long time, depending on the quality of the iron of 
which they are made. Pure soft iron remains a magnet only 




Fig:. 263. 
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while the magnetizing action lasts ; such are called temporary 
magnets. Hardened iron and steel retain their magnetic prop- 
erties for a long time; such are called permanent magnets. 
Permanent magnets are made of hardened steel. 

204. Polarity. — a. Whether the attraction for iron is the 
same at all points of a magnet is shown by the following 

experiment : 

Experiment 145. — Spread iron 
filings on a sheet of paper, and bring 
the whole length and all sides of 
a magnet into contact with them. 
Where the attraction is stronger the more filings will cling, and the un- 
equal distribution of the force will thus be revealed (Fig. 266). 

b. The two opposite points of a magnet, where the attrac- 
tion is most concentrated, are called its poles. The line joining 
the poles is called the axis. It is this line which lies nearly 
north and south when a magnet is suspended, and the end 
which is directed northward is called the north-seeking, or, 
more briefly, the north or + pole, while that which is directed 
southward is called the south-seeking or south or — pole of the 
magnet. 

c. In the mutual action of magnets a law similar to the law 
of attraction and repulsion of electrified bodies prevails 
(172,/, h). 

Experiment 146. — Object. To discover the law of magnetic attraction 
and repulsion, and to identify the polarity of a magnet. 

Two magnets are required. Suspend each and mark its N-seeking 
pole. Then, leaving one of them suspended, present to its north pole 
first one and then the other pole of the other magnet, and note the action. 
In the same way present the poles to the south pole of the suspended 
magnet. Compare your results with the following statement : 

d. Poles of the same name repel each other, and those of dif- 
ferent names attract each other. This is the first law of mag- 
netic attraction and repulsion. 

This law shows us how we may learn which is the north 
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and which the south pole of any magnet without suspending 
it. For if we have one which is already suspended, we need 
only to present one pole of our magnet to one pole of the 
suspended magnet and observe whether there be attraction or 
repulsion. 

e. All substances are either attracted or repelled by a 
magnet, but in most cases the action is extremely feeble. 
Substances which are attracted are called paramagnetic, and 
those which are repelled, diamagnetic substances. The latter 
are far more numerous and their effects are more feeble. But 
a magnetic substance of either class differs from a magnet. 
Magnets have poles ; magnetic substances have no poles. 
Iron, for example, is attracted alike by both poles of a 
magnet, and bismuth is repelled by both poles alike. 

205. The Magnetic Field. — a. The space around a magnet, 
in which attraction or repulsion is exhibited, is called the mag- 
netic field, just as the space around an electrified body is called 
the electric field (§ 173, b). A piece of soft iron placed in the 
magnetic field is under magnetic influence and becomes a tem- 
porary magnet. To study this action, proceed as follows : 

Experiment 147. — Object. To study the action of a magnet upon soft 
iron placed in its field (1) when the two are not in contact; (2) when 
the two are in contact. 




Fig. 267. 



I. Fig. 267 will suggest to you how to study the effect of contact by 
either one of two methods. 

1st method : M represents a strong magnet. 

L y a rod of iron touching the south pole of M. 
ns, a magnetic needle to test the polarity of L. 
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2d method : M represents a strong magnet. 

A 9 small nails supported by the attraction of unlike poles. 

Each nail in the chain is a magnet. The polarity 

at the end of the chain A may be tested by the 

needle n#. 

II. Place a strong magnet upon a convenient support (Fig. 208), and 

hold a rod of soft iron — it may be a wrought-iron nail — with one end 

very near the north pole. Bring a card 
strewn with iron filings up against the 
rod. If the rod has become a magnet, 
little tufts of filings will cling to its ends. 
Or small tacks will cling, as shown, to 
the ends, but fall from the middle of the 

Fl& MS). ro ^ a I* may k 6 P rove ^ tnat the em * °f 

the rod nearest the pole of the magnet is 
a pole of opposite kind, while the distant end is a pole of the same kind. 
Repeat, with the rod in the field of the south pole. 

b. The magnetization of a body when placed in a magnetic 
field is called magnetic induction. The law of magnetic induc- 
tion is similar to that of electric induction (§ 177, a, b). It 
states that either pole of a magnet induces a pole of unlike kind 
in the nearest part of apiece of iron in its Jield } and a pole of 
like kind in the most distant part. 

This law prevails even when the iron is in contact with 
the pole. 

c. There is never any transfer of magnetism from a magnet. 
One magnet affects another, or develops polarity in iron, 
always by induction, never by conduction. Each nail in the 
chain A (Fig. 267) has been magnetized by the magnet M, but 
M has lost none of its magnetism. Every iron filing in the 
tuft which clings to the pole of a magnet (Fig. 266) has be- 
come a magnet, and they all cling together by the attraction 
of their unlike poles, but the magnet in whose field they 
become such has lost nothing. The fact is that the magnet 
produces a magnetic stress in its field, which magnetizes the 
iron, but the field is produced whether the iron is present or 
not. 
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d. To explore the field we may use a short test needle (Fig. 
269), made of a piece of magnetized watch spring, not more 
than 1.5 cm. long, pierced with a hole at its 
center, through which passes a smaller thread 
of glass, with a knob, (7, on the end to keep the 
needle from falling off. If the magnetic force 
in the field is in any one direction rather than 
another, this little needle will point it out. 1 

Experiment 148. — Object. To explore the field of a magnet by means 
of a test needle. 

Place the test needle at a (Fig. 270). It will swing into line as shown, 
with its north pole pointing away from N. Carry it away, making its 
center move in the direction in which N points. Its path will be appar- 
ently a straight line, as shown by the arrow. Place the test needle 

alongside the north pole 
of the magnet. Move it 
slowly, taking care to keep 
its center going, at every 
> point, in the direction in 
which its north pole points. 
It will be found to follow 
a curved line, which finally 
terminates in the south 
pole of the magnet, as 
shown. Start from one or another corner of the magnet, and observe 
the curved path which the center of the test needle pursues. In starting 
from the south pole of the magnet, the south pole of the test needle 
will, of course, go ahead. Evidently the magnetic force is in curved lines, 
and has a definite direction at every point in the field. These directions, 
in which a north pole of a magnet is impelled through the field, are called 
lines of force, or lines of induction. 

e. To map the field of a magnet, and make the directions of 
the lines of induction visible, iron filings may be used. Every 
filing becomes a magnet by induction, and clings to a neighbor 
by the attraction of unlike poles. Each line of filings formed 
in this way lies along a line of induction through the field. 

i A short magnet suspended by silk fiber is not so good, because it will 
swing bodily in various directions. 




Fig:. 270. 
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Experiment 149. — Object. To map the field of a magnet by means of 
iron tilings. 

Place a sheet of glass or of stiff cardboard flat upon a straight or bar 
magnet. Sprinkle fine iron filings from a fine sieve or muslin bag upon 
the sheet, gently tapping it meanwhile to facilitate the movement of the 




FiR. 271. 

filings into the places assigned to them by the magnetic force. Fig. 271 
represents faithfully the lines of force all around a certain magnet in a 
horizontal plane. The same arrangement exists in every possible plane, 
vertical or oblique. 

Repeat Experiment 148, with the test needle placed above the sheet of 
iron filings as it still lies upon the magnet. Does it follow the lines on 
the map ? 

/. The strength of the field is greatest at points in contact 
with the poles of the magnet. This is shown in the map 
(Fig. 271) by the crowding of the lines together, while their 
separation, more and more, as the distance increases, indicates 
the diminishing strength of the field. 

g. The direction of the lines of force in the field depends 
upon the form of the magnet and the names of the adjacent 
poles. 

As to form, magnets are generally either bar magnets or 
horseshoe magnets, according to whether they be straight or 
bent into the shape of a horseshoe or letter U. The field 
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of a bar magnet is shown in Fig. 271. The field of a horse- 
shoe magnet is shown in Fig. 272. Between the poles the 
lines of force are straight and parallel ; 
in front of them the lines spread out in 
wide curves. 

Fig. 273 represents the field between 
the unlike poles of two bar magnets. 
Mutual attraction exists in this case. 
The field between the like poles of two 
bar magnets is shown in Fig. 274. Mu- 
tual repulsion exists in this case. 

h. The strength or intensity of the 
field at any place depends on the strength of the pole of the 
magnet and the distance from it. To represent a field of great 
intensity, the lines of force are to be drawn in the diagram 
very near together, and farther apart to represent lesser inten- 
sity. Now it is agreed that one line shall be drawn to represent 
a force of one dyne. So in every part of the field the number 
of lines in a square centimeter represents the number of dynes 
of magnetic force per square centimeter. The unit strength of 
field is represented by one line per square centimeter. This 
unit is called a gauss. 



Fi*. 272. 





Fig. 273. Fig. 274. 

i. The best way to become acquainted with the magnetic 
field is to use iron filings, as in Experiment 149, making 
many different arrangements of magnetic poles, and studying 
the figures carefully with reference to the direction and the 
intensity of the field at all points. 

cooley's PHY8. — 24 
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206. Permeability. — a. It is found that the number of lines 
per square centimeter, in the magnetic field, depends on the 
kind of matter through which they have to pass. In the same 
field, iron, for example, transmits the lines of force more freely 
than air. And that property of matter which determines what 
proportion of the lines of force in a magnetic field shall enter 
it is called permeability. 

b. Let N y S (Fig. 275) represent the parallel faces of two un- 
like poles, with a vacuum between. The field directly between 

<ATand S is uniform, — that is, 
the lines are parallel and 
equally spaced, — and its in- 
tensity, or number of lines per 
square centimeter, depends on 
the strength of the poles. In 
air the intensity of field would 
not be perceptibly changed; 
that is to say, the permeabil- 
ity of air is practically the same as that of free space. The 
same is true of glass, and wood, and many other substances. 

c. Let a ball of iron be placed in the uniform field between 
N and S. The field at once ceases to be uniform. The lines 
of force take to the iron in 
preference to air (Fig. 276), 
and the number per square 
centimeter is greater in the 
iron than in the air. That is to 
say, the permeability of iron 
is greater than that of free 
space or of air. The same is 
true of all magnetic substances. 

d. Let a ball of bismuth be placed in the uniform field. 
Again the field ceases to be uniform. The lines of force 
seem reluctant to enter the bismuth, preferring air (Fig. 277), 




Fig. 270. 
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and the number per square centimeter is less in the bismuth 
than in air. That is to say, the permeability of bismuth is 
less than that of free space 



or of air. The same is true 
of all diamagnetic substances 
(§ 204, «). 

e. Permeability is pre- 
cisely denned for each sub- 
stance as the ratio of the 
number of lines per square 
centimeter in the substance 




Fi*. 877. 



to the number per square centimeter in air. For example : 
A certain specimen of iron, when placed in a magnetic field 
with 60 lines per square centimeter in air, was found to con- 
tain no less than 16,062 lines per square centimeter (Thomp- 
son). Now dividing 16,062 by 50 gives 321 ; that is to say, 
the permeability of the iron is 321. 

/. But there is a limit to the number of lines which can be 
received by any substance. The practical limit for good 
wrought iron is about 20,000 per square centimeter ; for cast 
iron, about 12,000 ; while steel will take 16,000. Hence, other 
things being equal, stronger magnets can be made of wrought 
iron than of cast iron or steel. A magnet is said to be satu- 
rated when it contains all the lines of force which it is capable 
of transmitting. 

g. The obstruction which a substance offers to the lines of 
magnetic force is called reluctance. It is the opposite of per- 
meability, and is analogous to the resistance of conductors. 
Thus the permeability of bismuth is less than that of iron; 
its reluctance is correspondingly greater. 

207. The Magnetic Circuit. — a. We have seen that a north 
pole of a test needle (§ 205, d), starting from the north pole of a 
magnet, describes a curve through the field around to the south 
pole, as if it were floating in a magnetic stream. A south pole 
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describes a curve around to the north pole in the same way. 
To study this twofold action it is not necessary to consider 
both directions all the time, and it is agreed to assume that the 
lines of force go out from the north pole and reenter the magnet 
at the south pole. 

The effect is the same as if magnetic streams were flowing 
continually through the magnet, going out at the north and 

spreading through all sur- 
rounding space in curved 
paths back to reenter the 
south pole, every line in all 
the field making a complete 
circuit, as some are shown 
to do in Fig. 278. These 
continuous lines of force, 
through a magnet and back through air or other bodies out- 
side, are called the magnetic circuit. In the case of the horse- 
shoe magnet (Fig. 272), the circuit extends from the south pole 
around through the magnet to the north pole, and it is com- 
pleted through the air over to the south pole, from which they 
are supposed to start. The iron filings in Experiment 149 ren- 
der these lines visible. 

b. If the magnet is provided with an armature, that is, a 
bar of soft iron reaching from pole to pole, then the circuit is 
completed through the armature rather than 
through the air (Fig. 279), because of the 
greater permeability of the iron. 

c. Magnetic action passes through glass, 
wood, brass, and many other substances just 
about as freely as through air. These sub- 
stances are said to be transparent to magnetic 
lines of force, as water is transparent to waves 
of light. In Fig. 280 a wooden ring, W, is 
supposed to be in the air space between the poles N and S, 




Fig. 279. 
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and a few of the lines of force are shown passing directly 
through the wood and the air space within the ring. 




Fig. 880. 

d. But a mass of iron in the air space between the poles of 
a magnet becomes itself a part of the magnetic circuit. The 
lines enter the mass at the points nearest the north pole, follow 
the metal to points nearest the south pole, where they emerge 
on their way in the circuit. In Fig. 281 a soft iron ring is 
supposed to be in the field, and the courses of a few lines are 
represented. They are diverted from straight lines and leave 




the air space within the ring vacant. The ring is a screen 
shutting out the magnetic action of the poles from the space it 
incloses. The space inside a hollow ball of soft iron is effec- 
tually shielded from magnetic force. A sensitive magnet sus- 
pended in a closed soft iron box cannot be affected by magnets 
outside. Watches are in this way protected from the magnet- 
izing influence of strong currents. 
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208. The Molecules are the Real Magnets. — a. There are 
many reasons to believe that every molecule of iron is a mag- 
net, one side being a -f pole, the other side a — pole. One 
indication of this is found in the following fact : Let a magnet 
be broken at its center, and each half is found to be a complete 
magnet, both ends being poles and the middle point neutral ; 
while if reunited, the new poles again become neutral. Let 
either half be broken, and each piece has its N and S pole ; 
and if the breaking be carried along until the pieces ate as 
small as practicable, still each is a magnet. It is fair to infer 
that if we could carry the division further, the same thing 
would be true even to the smallest possible piece, which is 
the molecule. 

b. Magnetized iron is supposed to differ from unmagnetized 
iron in this way : Its molecules are systematically arranged 
with their unlike poles together, so that all the north poles 
are directed toward one end of the bar, and all the south poles 
toward the other end, while in the unmagnetized bar the mole- 
cules lie with their poles promiscuously in all directions. So 
in iron the attraction, and the repulsion too, is as much in one 
direction as another, while in the magnet the attraction is all 
directed toward one end and the repulsion all toward the other. 
Hence these forces grow stronger and stronger toward the 
ends. The action of a magnet is therefore the resultant of all 
the magnetic forces seated in its molecules. 

c. But it is easy to see that the surface molecules of a 
magnet are not in the same condition as those of the interior. 
Every interior molecule of iron is entirely surrounded by 
others, while the surface molecules are exposed on one side 
to air. Hence the poles of every interior molecule are fully 
engaged with its neighbors, while those of the surface mole- 
cules are not ; and so there is a residue of magnetism at the 
surface to affect iron or magnets outside. Tlie molecular fields 
' ithin are neutralized, while those at the surface are not The 
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magnetism in the surface molecules of a magnet which is not 
neutralized by the interior molecules, is called free magnetism. 
209. Magnetic Needles. — a. A magnetic needle is a slender 
bar magnet supported in such way that it may move freely in 
obedience to magnetic forces. Practically, there are three 
kinds of support. It may be supported upon a pivot (Fig. 282). 
In this case the free motion is in a horizontal plane only. 



I 



Fig. 282. 




Such horizontal needles are used in the mariner's and the 
surveyor's compass. The needle may be supported upon a 
horizontal axis (Fig. 283). In this case the free motion is 
in a vertical plane only. Such needles are called dipping 
needles. Finally, the needle may be suspended by a small 
thread or hair fixed upon its middle point. In this case the 
free motion is in all planes. 

b. To make a horizontal magnet, the needle must be mag- 
netized first and then balanced upon its pivot. The pivot will 
not be in the center of mass of the needle exactly, unless the 
needle is at the magnetic equator of the earth. At all points 
north of the equator the south end of the needle will be the 
heavier, and at all points south of the equator the north end 
will be heavier than the other. But the needle will be hori- 
zontal when it is supported. 

To make a dipping needle, it must be balanced first and 
magnetized afterwards. Then the point of suspension will be 
in the center of mass ; there will be equal weights on opposite 
sides of it, but in the northern hemisphere the N-pointing pole 
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will seem to be the heavier, while the S-pointing pole will seem 
to be the heavier in the southern hemisphere. 

210. The Earth is a Magnet. — a. The behavior just de- 
scribed, of magnetic needles in different places, leads to the 
conclusion that the earth is itself a magnet. That the earth 
affects a magnetic needle as another magnet affects it, is veri- 
fied by the following experiment : 

Experiment 150. — 1. Place a long bar magnet, NS (Fig. 284), upon 
the table. Suspend a short needle, n«, by a fiber. Carry the needle to a 
point directly over N, and observe the position it takes in obedience to 
the magnetic force at that part of the field. Then carry the needle slowly, 
still in the vertical plane, along to a point directly over S, noting its 
changes of position in the field. 








Fig. 284. 

The fact is that the needle will lie with its length tangent to the line 
of force which passes through its center wherever it is placed. On this 
account it is vertical when above N or S, horizontal when over the middle 
of NS, and inclined with its south pole downwards toward iV, and its 
north pole downward toward S. 

2. Next place the needle on a level with the magnet and a little to 
one side, and see that it swings horizontally, its south pole toward the 
axis of the magnet if it is between 2V and O, but its north pole toward the 
axis if it is between S and O. 

On a large scale, a dipping needle, when carried to places north and 
south of the equator of the earth, behaves like the needle in 1 of the fore- 
going experiment, and a horizontal needle behaves as did the needle in 2. 

b. But the magnetic north pole of the earth does not coincide 
with the geographical North Pole ; it is more than 1000 miles 
away from that point. It was found, in 1831, by Sir J. C. Boss, 
in latitude 70° 5' N. and longitude 96° 46' W. The magnetic 
south pole of the earth has not yet been discovered. 
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c. The magnetic needle in the northern hemisphere points 
its north pole toward the magnetic north pole, and not toward 
the geographical North Pole. The variation of the needle from 
the geographical north and south line at any place, is called the 
magnetic declination* 

But there are places at which there is no declination. If a 
line were drawn through all such places in North America, it 
would enter the continent on its way from the south pole at a 
point near Charleston. Its general course would be northwest- 
erly, passing through the Carolinas, the western parts of the 
Virginias, Ohio, Michigan, and thence through Canada and 
Hudson's Bay to the north magnetic pole. A line supposed to 
be drawn through places of no declination is called the agonic 
line. At all places east of this line the needle points west of 
true north, and at all points west of it the needle points east of 
true north. The declination at New York in 1890 was 8.5° W.. 
and at San Francisco it was 16.7° E. A line connecting all 
places where the declination is the same is called an isogonic 
line. But the declination at a given place changes from time 
to time. Thus at New York it will be 9.1° in 1900. 

d. The angle made by the axis of a dipping needle with a 
horizontal plane is called the dip or inclination of the needle. 
At the magnetic pole the inclination would be 90° ; the needle 
would stand upright. At the magnetic equator of the earth 
the inclination is 0° ; the needle lies horizontal. 

211. The Meridians. — a. The geographical meridian of any 
place is a vertical plane which passes through that place and 
the geographical North and South Poles of the earth. The 
magnetic meridian of any place in the northern hemisphere 
is a vertical plane passing through that place and the mag- 
netic north pole of the earth (§ 210, b). The direction of the 
geographical meridian is that of a line drawn through the 
place toward the geographical North Pole. The direction of 
the magnetic meridian is that of a horizontal magnetic needle 
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when it is at rest, and free from all magnetic forces but those 
of the earth. The angle between these two meridians is the 
declination of the needle. 

6. The measurement of declination is one of the three 
objects of magnetic surveys which are made by the govern- 
ment, the other two being the measurement of the inclination 
and of the magnetic intensity of the earth at various places. 
Exact results can be obtained only by means of instruments of 
precision used in the most skillful manner. But the following 
experiments afford a useful study of declination, and may yield 
very good approximate results. 

Experiment 151. — Object. To mark the position of the geographical 
meridian on a table by means of a shadow at noon. 

The table should stand in front of a window in the south side of the 
room. Support a slender rod, about a foot in length, upon the table in a 
vertical position. Before noon, when the sun is shining, carefully mark 
the middle of the tip of the shadow on the table by sticking in a pin. 
Mark it again and again, at short intervals, until after noon. The 
shadow will gradually shorten until noon, and then gradually lengthen. 
Through the point where the shadow was shortest, draw a line through 
the middle point of the foot of the rod ; this line lies in the geographical 
meridian. 

4 



N 



Fig. 285. 



Experiment 152. — Object. To mark the position of the magnetic 
meridian on the table. 

The apparatus is represented in Fig. 285. M is a bar magnet, with a 
fine sewing needle fixed upright at the middle point of each end by a bit 
of wax. It is suspended by a slender thread and nicely balanced, so that 
its length and breadth are both horizontal. C is a vertical piece of thin 
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wood, or of cardboard tacked to a wooden base, with a vertical black 
line drawn upon it. Now M will lie with its axis in the magnetic meridian 
when at rest, if there be no iron in the vicinity, no air currents to disturb 
it, and the torsion of the thread is slight. Let these conditions be secured. . 

Place the eye so that the two upright needles are in the line of sight. 
Then place C — or let a friend place it for you — just behind, and move it 
until its black line is in line with the needles. Mark the foot of this line, 
a, upon the table. Move C back about 1 m. Again place the black line 
in the line of sight, and mark its foot, 6, on the table. Finally draw a 
straight fine crayon line through a and b. This line lies in the magnetic 
meridian ; it points toward the magnetic north pole of the earth. 

Experiment 153. — Object. To find the declination of the needle. 

1. Lay down the geographical meridian, as in Experiment 151. 2. Lay 
down the magnetic meridian on the same table by Experiment 152, plac- 
ing the point of suspension of the magnet, M, exactly over the geographical 
meridian. 3. Prolong the magnetic meridian until it crosses the other, 
and then measure the angle at the intersection of the two meridians, with 
a protractor. 

212. Electro-magnets. — a. It was shown by Experiment 
142, that a bar of iron is magnetized by an electric current in 
a wire wrapped spirally around it, and that the magnetism 
of soft iron is temporary, while that of hard iron or steel is 
permanent. Certain descriptive terms must now be defined. 
A coil of wire with few or many turns is called a helix, and 
one whose length is many times its diameter is called a 
solenoid. A bar of soft iron in a helix or solenoid is called 
an < 



Experiment 154. — Object. To illustrate the most important facts 
relating to electro-magnets. 

The apparatus consists of a battery, B (Fig. 286) ; an electro-magnet, 
mounted on a stand, E, with the ends of its helix attached to the lower 
ends of the binding posts fixed in the base ; and a magnetic needle, M. 
The battery should be stronger than a Daniell cell. A bichromate cell is 
better, and two or three are better yet. 

1. To test the magnetizing action of the current : Test the core, as the 
soft iron bar, NS, of the electro-magnet is called, by contact with small 
nails, to learn whether it is at all magnetic (§ 202, b). Then close the 
circuit by fixing the battery wires in the binding posts, and test the core 
again with nails and other small masses of iron. Finally open the cir- 
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cuit, and the fall of the nails instantly declares that the core is a magnet 
only so long as the current is on. 

2. To test the polarity of the core : Close the circuit and bring the 
needle, 3f, toward one end of the core ; if the north pole of M is attracted 
and the south pole repelled, that end of the core must be a south pole. 
Again bring the needle in front of the other end of the core and note 
its polarity. If the core is a magnet, its two ends have opposite polarities. 




3. To discover whether the polarity of the core depends on the direc- 
tion of the current in the helix : Trace the direction of the current (§ 187, 
b). In Fig. 286 it is shown to enter at a and to emerge at b. Test the 
ends of the core by means of the magnet, M, and note the polarity, N or 
S, of each. Then make the + and — terminals of the battery exchange 
binding posts, in order to reverse the current in the helix, or use a com- 
mutator (§ 187, g). According to the figure, it will then enter at b and 
emerge at a. Again test the polarity of the core. Repeat the experi- 
ments and write your conclusion. 

b. The poles of an electro-magnet are reversed as often as 
the direction of the current in its helix is reversed. If the 
direction of the current in the helix is 
known, the polarity of the magnet is 
found by the following rule: 

Place the palm of the right hand upon 
the helix, with the fingers pointing in the 
direction of the current in the windings 
(Fig. 287) ; the outstretched thumb will 
point toward the north pole of the magnet. 

Conversely : The direction of a current in a helix may be 
found as follows: Test the electro-magnet with a needle to 




Fig. 287. 
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find out which end of the electro-magnet is a north pole. 
Then place the right hand, palm down, upon the helix, with 
the thumb pointing toward the north pole; the fingers will 
point in the direction of the current in the windings. (Com- 
pare § 187, 6.) 

c. Helices are of two kinds, called right-handed and left- 
handed. If you face the end of a right-handed helix, you will 
see that the wire goes up on the left-hand 
side, and down on the right-hand side, while 
each successive winding of the wire is far- 
ther from the eye, like the threads of a 
screw when you look at the end (Fig. 288, 
I.). If you face the end of a left-handed 
helix, you will see that the wire goes up on 
the right-hand side and down on the left- 
hand side, while each winding of the wire is 
farther from the eye (Fig. 288, II.). 

Evidently, if the current enters the cor- 
responding ends of these helices, it will 
circulate in opposite directions, and produce 
opposite polarities in an electro-magnet. TJie end of the core 
which faces you will be a south pole if the current enters a right- 
handed helix at that end, but it will be a north pole if the cur- 
rent enters a left-handed 
helix at that end. This 
statement agrees with 
the hand rule given 
above (c). 

d. The most common 
form of the electro-mag- 
net is that which is 
called the horseshoe. In 
this form the core is sometimes bent, as shown in Fig. 289, I., 
and sometimes it consists of two straight bars bolted to a 




Fig. 288. 





Fig. 289. 
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stout, soft iron crosspiece, called the yoke, as shown in Fig. 
289, II. The coil of such a magnet is one wire wound in two 
parts, leaving the middle portion of the core, or the yoke, 
naked. The directions of the windings are such that if the 
core were straightened, the turns would be all one way in the 
two parts. 

For most purposes the horseshoe is preferred, because its 
poles are near together, so that the field is more intense, and 
an armature, A, can be applied to both poles at once. 

e. If an armature is not in contact with the poles (Fig. 289, 
I.), the electro-magnet, when excited by a current, attracts it, 
and will pull it into contact if it is free to move. When the 
armature is once in contact with the poles (Fig. 289, II.), it is 
held in place by an attraction' many times greater than is 
exerted through even the thinnest air space. The attraction 
between an electro-magnet and its armature at a distance is 
called its tractive power ; the attraction of the magnet and its 
armature when in contact with the poles is called its lifting 
power. 

/. Electro-magnets may therefore be used for two purposes, 
— either to produce motion or to resist pulls, and they may be 
grouped in two classes, called, respectively, 
attracting or tractive magnets, and holding or 
portative magnets. 

An example of tractive magnets is seen 
in the electric bell (Fig. 290). The termi- 
nals of the helix are fixed to two binding 
posts, P, P, on the frame. The armature, 
A, just in front of the poles, is pivoted at 
its lower end, while its upper end carries 
the hammer of the bell. A spiral spring, 
S, keeps the armature away from the poles, 
rig. 890. except when the circuit is closed. The 

core then becomes a magnet and pulls the armature, the spring 
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yields, and the hammer strikes the bell. On opening the cir- 
cuit, the core is no longer a magnet, and the opposing spring 
pulls the armature away. In this class of magnets a current 
of high E.M.F. is desirable. How should 
the cells be arranged ? 

An example of portative magnets is rep- 
resented in Fig. 291. The circuit is sup- 
posed to be closed. The armature, A, with 
its suspended platform, is upheld by the 
magnet in spite of gravity, and if addi- 
tional masses are put upon the platform, 
their weight also will be supported, unless 
it exceeds the lifting power of the magnet. F1 291 

In this class of magnets the number of 
amperes of current is more important than volts. How should 
the cells be arranged ? 

213. The Electric Telegraph. — a. An electric telegraph is a 
set of instruments by which an electric current may be sent a 
long distance, and produce intelligible signals on its arrival at 
the distant station. In the Morse telegraph, which is the kind 
universally used in America, the vital part is an electro-magnet ; 
the intelligible signals are produced by it, and all other parts 
are auxiliaries. 

The essential parts of the telegraph are: 1. The battery 
(B, Fig. 292) or a dynamo, to generate a current ; 2. The line, to 
conduct the current between stations ; 3. The key, K, to open 
and close the circuit at the sending station ; 4. The receiver, R, 
to convert the current into signals at the receiving station. 

b. At the sending station a current from the battery, B 
(Fig. 292), is sent through the key, K, into the line wire, LL. 
By pressing the knob of K the circuit may be closed and 
opened at pleasure. At the receiving station the current goes 
through the coils of an electro-magnet, E, to earth, and thence 
back to battery. An armature, a, is held by a lever hinged 
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at h, and kept from contact with the magnet by an opposing 
spring, 8. The lever carries a blunt point or a pen, p. Just 
below p, in the older instruments, is a roller turned by clock r 
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Fig. 292. 

work, not shown in the figure, by which a strip of paper is 
carried along under the point. Now whenever the circuit is 
closed at K, the armature, a, will be attracted, and the point, p, 
will leave a mark on the paper below, but when the circuit is 
open the paper will pass untouched. < 

c. The marks on the paper consist of dots or dashes, made 
by closing K momentarily or for a longer time, and each letter 
of the alphabet is represented by some arrangement of these 

dots and dashes. For example, a dot followed by a dash ( ) 

stands for A, and a dash followed by a dot ( — ) stands for N, 

while a dash followed by two dots ( ) stands for D. The 

operator, by timing his pressure on the key, may cause the 

word AND in this form, • • — • •, to appear on the paper 

at the distant station. 

A receiver which thus leaves on paper a record of the 
message sent is called a register. But in modern telegraphy 
the operator becomes acquainted with the clicks of the arma- 
ture, and can recognize the letters by these sounds, so that the 
paper is not needed. Receivers from which messages are taken 
by sound are called sounders. Of course there must be a key 
and receiver at each station in order to send messages back 
and forth. Moreover the instruments on the line all click in 
unison with every message sent. 
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d. When the distance between stations is great, the current 
is not likely to be strong enough to give audible sounds. 
Hence an additional instrument called a relay is used. The 
relay is an electro-magnet wound with many turns of fine wire 
to make it sensitive to small currents. Its armature will re- 
spond to the feeble line current, and by its motion open and 
close the circuit of a local battery from which a strong current 
is sent through the receiver to produce the sounds or record 
the message. How this is done 

may be understood by means of 
the diagram (Fig. 293). 

e. R represents the relay. The 
current from a distant station 
coming in at X may be traced by 
the arrows. It goes through the 
coil of the relay to the key, K, 
which must be kept closed while 
the message is being taken, thence "" ° «^»*s*s*afa®G 

FifT 203 

through the main battery, MB, to 

earth. All that this feeble current has to do is to attract the 
light armature, a. Now the receiver, E, is in circuit with a 
separate battery, lb, known as a local battery, which is opened 
and closed at p by the armature, a. The course of this cur- 
rent may be traced by the arrows. All that this current has 
to do is to attract the armature of E with sufficient strength to 
produce the signals. Thus the relay's armature moves in obe- 
dience to the key at the sending station, and the receiver's 
armature responds to every motion of the relay. The diagram 
illustrates the instruments needed at each station, but a visit 
to the neighboring telegraph office is the best way to learn 
their actual appearance and many practical details which 
should not be here described. 

. 214. The Magnetic Field of a Current. — a. The space sur- 
rounding a wire carrying a current is a magnetic field. This 
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is proved by the facts, first, that it magnetizes iron (§ 205, a), 
second, that it deflects magnetic needles. We are now to 
learn how the lines of force are dis- 
tributed in this electro-magnetic field. 

Experiment 155. — Support a sheet of stiff 
cardboard, LB, in horizontal position, and fix a 
stout copper wire, tma, vertically through its cen- 
ter (Fig. 294). Join the ends of this wire to the 
poles of a battery of many cells in multiple, so 
that a very strong current shall traverse the 
wire. Sift iron filings upon the cardboard, and, 
while gently tapping it, observe them creeping 
into circular concentric lines around the wire. 

b. The arrangement of iron filings, 
shows that a sort of whirl — a magnetic 
whirl — pervades all the space around 
a wire in which there is an electric cur- 
rent. The lines of force are everywhere in concentric circles 
in planes perpendicular to the wire. 

c. It is evident that if two wires lie side by side, their cur- 
rent fields will overlap, and the resultant field will not consist 
of concentric circles. In a helix, or solenoid, the windings lie 
side by side, and the current passes through them all in one 
direction. It is important to know the character of the re- 
sultant field. 




Fig* 994. 




Fig. 295. 



Experiment 156. — Measure the length and the diameter rf a wide 
helix. Cut three sides of a rectangle in the middle of a sheet of cardboard, 
C, making a tongue, T (Fig. 295, 1.), whose length is equal to that of the 
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helix and whose width is equal to the inside diameter. Bend the tongue 
and slip it through the helix and support the cardboard horizontally. 
Put the helix in circuit with a strong battery. Sift iron filings over the 
cardboard and, while gently tapping it, observe the lines of force as shown 
by the filings (Fig. 296, II.). 

d. Two facts are revealed by Experiment 156 : 1. The field 
outside the solenoid very closely resembles that of a bar mag- 
net (Fig. 271). 2. The field inside the solenoid contains lines 
of force, nearly parallel, which appear to enter at one end and 
to emerge at the other. 

e. Since the outside field of a solenoid carrying a current is 
so much like that of a bar magnet, we may suspect that the 
solenoid is itself a magnet, and further experiments prove that 
it is. 

In Fig. 296 the ends of the wire of a solenoid are supposed 
to be soldered to a copper and a zinc plate, respectively. The 
solenoid is then suspended by 
a thread of raw, or untwisted, 
silk, with the plates in dilute 
sulphuric acid. A current gen- 
erated by this zinc-copper cell 
must pass through the sole- 
noid, entering at a. And now, 
if tested by a magnet, the end 
a will swing toward the north pole and away from the south 
pole, while the end b will behave in the opposite way. More- 
over, the solenoid, when left to itself, will slowly swing into 
the magnetic meridian (§ 211, a) with the end b to the north. 
Thus a solenoid carrying a current is really a magnet, although 
it contains no magnetic substance. 
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215. Induction. — a. We have seen (§ 177, a) that an insu- 
lated conductor in the field of a charged body is electrified. 
The action of a charged body on a conductor in its field is 
called electrostatic induction. We have seen (§ 205, a) that a 
magnetic substance in the field of a magnet is magnetized. 
The action of a magnet on a magnetic substance in its field is 
magnetic induction. It will be shown (Experiment 157) that 
a current is produced in a closed conductor, such as a coil of 
wire with ends joined, if the conductor is moved properly in a 
magnetic field. The action of a magnet or a current on a con- 
ductor moved in its field is called electro-magnetic induction. 

Experiment 157. — Object. To illustrate the most important facts 
relating to electro-magnetic induction. 

I. By motion in the field of a magnet. Adjust a sensitive galvanome- 
ter, O (Fig. 297), with its coils in the meridian, so that the needle when 




Fig:. «97. 

at rest points to zero of the scale. Connect O with a coil of copper wire, 
SC, by long wires, so long that M, which is a strong magnet, may be so 
far from O that it will not affect the needle. 

388 
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1. When the needle of is at rest, quickly carry SC down over the 
north pole to the middle of M and hold it there. The swing of the needle 
shows that a current is set up in SC by the motion. Note the direction 
of the swing. Does the needle settle to zero again ? If so, then the 
current lasted only while SC was moving. 

2. When the needle is at rest, quickly carry SC away from M. Does 
the needle swing — in the direction opposite to its former swing — and 
return to zero? If so, a current was set up in an opposite direction, 
while the motion of SC lasted. 

3. Let the coil rest, and move the magnet, first into it, and then after 
observing the needle, out of it. . If the same results as before are found, 
then it matters not which moves ; it is the relative motion of coil and 
magnet that produces the current. 

4. Repeat the experiments, using the south pole instead of the north 
pole of M. In each case the needle should swing in direction opposite 
that when the north pole was used. 

II. By motion in the field of a current. The small coil, PC (Fig. 
298), passes easily into the larger coil, SC. PC is joined to the terminals 
of a battery, and SC to the galvanometer, G 
(Fig. 297). Make the same experiments as in 
I. for the following purposes : 

1. To learn whether a current is set up by 
the motion of SC to the middle of PC. 

2. To learn whether another current is set 
up by motion of SC away from PC. 

3. To learn whether PC instead of SC may 
be moved with the same results. 

4. To learn whether changing the polarity 
of PC reverses the current in SC. For this 
purpose change the battery connections of 

PC. Fl * 

III. By variations in the field itself. Leave PC inside of SC, while you 
open, close, and reverse the current in PC by changing the terminals 
+ and — , or better by a commutator (§ 187, g). 

Or proceed according to Fig. 299. Place two coils, SC and PC, one 
upon the other. Send the battery current through a commutator, K, and 
the coil PC, while SC is joined to the galvanometer by long wires. 

Begin with the circuit open and the needle at rest. 

1. Close the circuit : SC is suddenly filled with lines of force. Observe 
the galvanometer to learn whether a current has been produced in SC. 

2. Open the circuit : SC is at once emptied of lines of force by destroy- 
ing the field. Observe the galvanometer to learn whether a current is 
produced in SC by withdrawing the lines of force from it. 
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3. Reverse the current : SCis at once filled with lines of force directed 
the other way. Observe the galvanometer to learn whether reversing the 
field also reverses the direction of the current in SC. 




Wig. 899. 



6. A coil through which a battery current passes is called 
a primary coil. A coil placed in the field of a primary coil is 
called a secondary coil. PC in the preceding figures designates 
primary coils, while SC designates secondary coils. A magnet, 
M(Fig. 297), is equivalent to a primary coil, because it pro- 
duces the field which affects the adjacent coil, SC. 

c. We know that the magnetic field is more and more 
intense as we approach the north pole of a magnet. Hence a 
coil, while approaching a north pole, must cut across lines of 
force at an increasing rate. So it must do also if it move 
toward the north pole of another coil, or if the field is thrown 
into it by closing the circuit of another coil. But in all these 
cases experiments prove that a current is induced in the coil 
in the same direction. This current is called an inverse current, 
because its direction is opposite to that of the primary, or 
battery, current which induces it. The law states that increas- 
ing the number of -f- lines of force passing through a coil per 
second produces an inverse current. 

d. Experiments prove that when a coil approaches the south 
pole of a magnet, or of another coil, or when the field is taken 
out of it by opening the circuit of another coil, a current is 
induced in it in the same direction. This current is called a 
direct current, because its direction is the same as that of the 
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primary current which produces it. The law states that in- 
creasing the number of — lines of force passing through a coil 
per second produces a direct current Increasing the number of 
— lines of force is the same thing as diminishing the number 
of + lines. 

e. Experiments prove that whatever effect is produced by 
the motion of a coil from a weaker to a stronger part of the 
field, just the opposite ef- 
fect is produced by the 
same motion from a 
stronger to a weaker part 
of the field. 

Thus if a right-handed 
helix (§ 212, c), as shown 
in Fig. 300, I., is moved 
down over the north pole 
of a magnet, with the end 
a ahead, an inverse current is induced, going through the coil 
from b to a. But let it go down over a south pole, with the 
same end ahead (Fig. 300, II.), and a direct current is induced, 
going through the coil from a to b. 

f This law does not forbid the production of a current in 
the same direction through the wire of the coil by a north and 
a south pole, because the coil itself may be reversed at the 
same time that the pole is changed. Thus, in Fig. 300, 1., the 
coil goes over a north pole, with the end a ahead, and in III. 
it goes over a south pole, with the end b ahead. The current 
goes through the wire in the same direction, from b to a, in both 
cases. 

g. Experiments show that the current induced by carrying 
a coil towards or away from a magnet is made stronger by 
moving the coil more rapidly. This is because the number 
of lines of force in the coil increases or diminishes more rap- 
idly when the coil moves faster. The law states that the 
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E.M.F. induced is proportional to the rate of change in the 
number of lines of force which the coil cuts. 

h. It is not the presence of the field that induces a current, 
but it is the change in its strength. So it is not the strength 
of field which determines the E.M.F. of the induced current, 
but it is the rapidity with which the strength changes. Careful 
study of Fig. 301 may help one to understand this important 
fact A loop of wire, c (A), is seen edgewise in the uniform 
field (§ 206, b) NS, and is supposed to move in the direction 
of the arrow and to be kept parallel to itself all the time. 
Observe that there is no change in the number of lines it 
cuts across. Consequently no induced current is produced in 




11. 7.0. 
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it. The loop may move in any other direction, and with any 
speed, without producing a current, provided it is kept par- 
allel to itself, because the magnetic strength it encounters 
does not change. But let the loop revolve in the field, as at 
B. Starting from its vertical position c, it cuts across the 
lines more directly and hence more rapidly, until it reaches 
a, then less directly and rapidly until it reaches d, again 
more rapidly to b, and again less rapidly to c. This variar 
Hon in the change of magnetic strength produces an induced 
current in the loop; and the rapidity of the variation, which 
keeps pace with the speed of the rotation, determines the 
E.M.F. of the current. 

i. Induced currents are greatly intensified when soft iron 
cores are placed in the primary coils. The cores become mag- 
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nets, and increase the strength of the field by adding largely 
to the lines of force therein. 

216. Self-induction. — a. A current when interrupted by 
opening and closing the circuit, induces an E.M.F. in its own 
wire as well as in others which lie in its field. The action by 
which a current induces an E.M.F. in its own wire is called self- 
induction or inductance. Consider the following experiment : 

Experiment 158. — Object. To verify the production of currents by 
self-induction. 

In Fig. 302, C represents a coil of wire with a soft iron core ; C, a 
cell with its — pole connected with one end of the coil and its + pole 
with a key, K, and this to the other end 
of the coil ; G, a galvanoscope connected 
to the coil wires at L and M. Close this 
circuit by pressing the knob K. The cur- 
rent divides at Z,, part going through C, 
and a part through G, from L to M , de- 
flecting the needle. Push the needle back 
to zero, and put a block against it to keep FJ _ 302 

it from going again the same way, while 

leaving it free to move the other way. Now open the circuit at K> and 
observe that the needle does swing the other way. This shows a cur- 
rent from if to L ; it could not come from C" because the circuit was 
open ; it must have come from C, and its direction must have been that 
shown by the arrows — the same as that of the battery current itself. 

b. The facts are that when a current is started an inverse 
E.M.F. is set up, and when the current is stopped a direct 
E.M.F. is set up in the same wire. Of course the effect of the 
first, or inverse, E.M.F. must be to delay or weaken the pri- 
mary current, while the effect of the direct E.M.F. is to pro- 
long or strengthen the primary current. 

c. The reason that there is an inverse E.M.F. on closing the 
circuit may be found in the mutual action of the current and 
the medium which it invades. The current has to produce a 
magnetic field ; that is, it must produce strains in the medium 
around it. 1 To do this is work. This work absorbs a part 

1 The " lines of force " are the directions of these strains. 
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of the electric energy of the current, and takes an appreciable 
time to do it. During the time taken to establish the field 
there is, therefore, a back pressure, or counter E.M.F., from 
the field. This counter E.M.F. opposes, and hence delays 
and weakens, the primary current 

But when the circuit is opened, the primary current ceases. 
Then the elastic medium, recovering from its strains, pours its 
electric energy back upon the wire, and thus produces an 
E.M.F. in the same direction as that of the battery. This 
direct E.M.F. is not opposed by any current, but by the resist- 
ance of the circuit only, and will produce a current if that 
resistance is not too large. 

d. The current of self-induction produced by breaking the 
primary is called the extra current. If the primary circuit 
consists of a single turn of wire, there will be little inductance, 
but if it be a helix of many turns there will be much, and still 
more if the wire is coiled around an iron core. In this case 
the E.M.F. of the extra current is remarkable. It will cause 
a brilliant spark on breaking circuit, or give a " shock " to a 
person holding the two ends of the coil when the circuit is 
opened. 

e. Self-induction occurs only while the primary current is 
changing. The law states that an inverse E.M.F. is produced 
whenever the number of lines of force in a coil is increasing, 
and a direct E.M.F. whenever the number of lines of force in 
the coil is decreasing. 

Whether this E.M.F. is inverse or direct, it tends to counter- 
act the primary current. Thus it prevents a battery current 
from reaching full strength as quickly as it otherwise would 
on making circuit; and it prevents the current from dying 
out as rapidly as it would when the circuit is broken. It is 
opposed to any change in the primary. Hence inductance 
is equivalent to a resistance (§ 194, a). A steady current is 
opposed by the resistance of the wire only, but an unsteady 
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current is opposed by the resistance of the wire, and also by 
self-induction. The sum total of resistances due to both these 
causes is called impedance. 

The inductance in a coil is a serious difficulty when we 
require either rapidly alternating currents or a rapid succes- 
sion of momentary currents by opening and closing circuit. 

THE DYNAMO MACHINE. 

The electric currents used on the largest scale, to produce 
light, to drive machinery, to deposit metals, and for many 
other purposes, are generated by induction. The machines 
employed are known as dynamos. 

217. The Dynamo. — a. A dynamo is a machine to convert 
mechanical energy into electric current by revolving closed 
coils in the field of an electro-magnet. 1 There are two classes, 
one known as continuous-current dynamos, which furnish cur- 
rents continuously in one direction, and the other as alternating 
dynamos or alternators, 
which furnish a rapid 
succession of currents 
alternately in opposite 
directions. 

b. Let us first study 
a simple case, to see 
how a continuous cur- 
rent may be maintained 
by the motion of a coil 
in a magnetic field. 

In Fig. 303, CC represents a loop of wire, which may be 
revolved in a magnetic field, L. The loop terminates at one 
end in a semicircle of copper, *, and at the other end in another 

1 A permanent magnet is sometimes used in small machines ; in this case 
the machine is called a magneto-electric machine, or simply a magneto. 
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semicircle, t. There is a spring, m, which presses against s, 
and n is another which presses against t. These springs are 
connected by a wire, r. When the loop revolves, s and t will 
slide around under m and n. So long as m and n touch the 
semicircles, the circuit of the loop is complete through mrn, 
but when the open spaces come around to them, the circuit 
will be broken. This will happen whenever CC is vertical, 
or twice in every revolution. 

The loop revolves in the direction of the arrows, and we will 
suppose that it has just passed the vertical so that m is upon * 
and n upon t. While the loop goes from G over to d, it cuts 
across the lines of force more rapidly, and an inverse current 
is set up in it from 8 to t. During the next quarter revolution, 
it cuts across the lines of force less rapidly, but they pierce the 
loop from the other side, and hence the current is in the same 
direction as before, from s to t (§ 215, /). Thus during this 
half revolution the current in the loop is from s to t. During 
the other half revolution it will be the other way, from t to *. 

The current in the loop is reversed every time the loop passes 
the vertical position, twice in every revolution. But it is not 
so in the wire r. In the first half revolution, t is in contact 
with n, so that the current in the loop from a to t, completes 
its circuit through the wire from n to m. In the second half 
revolution s is in contact with n, so that the current in the 
loop from t to s, completes its circuit through the wire from 
n to m, the same direction as before. Thus while the current 
in the loop is alternating, it is continuous in the wire outside. 

c. In order to produce and maintain a strong continuous 
current, the essential parts of a dynamo are : 

1. Powerful electro-magnets, S, N (Fig. 303), to establish an 
intense field. These are called field magnets. 

2. Coils with many loops inclosing a soft iron core (in place 
of CC\ Fig. 303) to be revolved in the field by mechanical 
power. These together are called the armature. 
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3. A device by which to change the alternate currents of 
the armature into a continuous current (represented by st, 
Fig. 303). This is called the commutator. It usually consists 
of insulated bars of metal, fixed upon the axle or shaft to 
which the mechanical power is applied. 

4. Metal springs in contact with the commutator to lead the 
current off into the outside circuit (in place of m and n, Fig. 
303). These are called the brushes. 

d. TJie field magnets are excited by current taken from the 
armature which revolves between their poles. There is always 
enough residual magnetism left in the cores to start the cur- 
rent, and once started the current strengthens the magnets ; 
they in turn intensify the field and increase the current. 

Sometimes the whole of the current from the armature is 
carried around the cores, and thence through the outside cir- 
cuit, and sometimes only a part. If the entire current goes 
around the cores, the machine 
is called a series dynamo; if 
only a part, the machine is 
called a shunt dynamo. 

Fig. 304 illustrates the wind- 
ing of a series dynamo. Be- 
tween the massive pole pieces, 
N 9 S 9 of the field magnet FM } 
the armature with its commu- 
tator, c, revolves. The cur- 
rent, taken off by the brush, a, 
goes first round the cores and 
then out through the main 
circuit, ABC, back to the 
other brush, b, lighting lamps or doing other work on its 
way. 

Fig. 305 illustrates the winding of a shunt dynamo. At o, 
the current divides; a part takes the wire around FM and 
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goes directly back to b t while the other part takes the main 
circuit, ABCy on its way back to b. 

Sometimes two coils are wound upon the magnets, one in 
series with the line outside, the other in shunt. This combina- 

tion of series and shunt is 

called compound winding. One 
or another of these methods is 
adopted according to the kind 
of work to be done by the cur- 
rent, as we shall see. 

e. The armature coils are 
sometimes wound upon a soft 
iron ring and sometimes end- 
wise around a soft iron cylin- 
der. The latter is the most 
common winding. When the 
coils encircle a ring, the arma- 
ture is called a ring or Gramme 
armature; when they lie lengthwise on the outside of a cylin- 
der, the armature is called a drum or Siemens armature. Other 
forms of armature may be found described in larger works 
on physics. 

Fig. 306 illustrates the 
construction of a Gramme 
armature. The ring of 
soft iron, kk, is com- 
pletely covered With sepa- 
rate coils, of which only 
eight are shown. It is 
fixed upon a horizontal 
shaft on which are insu- 

*E«fgw AAA 

lated bars of copper whose 

ends are shown by the heavy short lines ; these form the com- 
mutator. The coils are all connected in series by the commu- 
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tator bars, — each bar connecting the adjacent ends of two 
adjacent coils, as shown. The shaft s, carrying the ring and 
commutator, is supposed to be driven rapidly by a steam en- 
gine, or other " power," through the intense field of the pole 
pieces, N, S, in the direction of the arrow, a. The action of 
this armature can be readily understood from § 217, b. 

/. The cores of armatures are not made of solid rings or 
cylinders, but consist of a bundle of insulated wires, or, better, 
of thin sheets of metal. This is to avoid what are called eddy 
currents — currents which are alwaj's set up in the iron around 
which a current circulates. These eddy currents produce heat 
in the iron and reduce the efficiency of the machine. They are 
largely prevented by making the core of bundles of thin sheets 
insulated from one another. 

g. When a current of high E.M.F. is desired, as for lighting 
arc lamps in series, the coils of the armature are joined in series 
as described (d) ; but when a current of low E.M.F. is wanted, 
as for lighting incandescent lamps in multiple, the coils of the 
armature are joined in multiple. 

The E.M.F. is proportional to the number of loops of the 
armature coils in series. It is also proportional to the strength 
of the field magnets, and also to the speed with which the 
armature revolves. It is therefore easy to see that the same 
machine is not adapted to all purposes, and, in a general way, 
how the construction must differ for different kinds of work. 

218. Alternate-current Dynamos. — a. The most essential 
difference between an alterna- 
tor and a continuous current 
dynamo is this : The alternator 
has no commutator, so that the 
induced currents are taken from 
the armature just as they are 
generated — in alternate direc- rig. ao7. 

tions. Instead of a commutator there are insulated metallic 
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rings, r, r' (Fig. 307), on the shaft, to each of which one end of 
the coil ifl joined. The brushes, a and b, press upon these 
rings, and as the armature, represented by the loop LP, re- 
volves, the inverse and direct currents are set up alternately 
through the circuit consisting of the loop, the rings, the 
brushes, and the outside conductor, C<7. 

b. Every change in direction is called an alternation. Thus 
if a machine is said to produce 266 alternations per second, it 
reverses its current 266 times per second, or it produces 133 
currents in one direction and 133 in the opposite direction. 
In this case there would be 133 complete to-and-fro motions 
of the current, and this number of complete to-and-fro motions, 
or one half the number of alternations per second, is called the 
frequency of the current. The frequency for ordinary purposes 
of electric lighting and transmission of power varies between 
100 and 200 per second. 

c. The frequency of an alternating current depends on the 
number of pole pieces of the field magnets and the speed of 
the armature. Thus a single field magnet with its two pole 
pieces will give two alternations for each revolution of the 
armature. Let there be four field magnets with their 8 pole 
pieces surrounding an armature which is driven at the rate 
of 10 revolutions per second, and there would be 80 alterna- 
tions per second, and the frequency would be 40. 

Frequency = £ (No. of pole pieces x No. of revolutions per 
second). 

Example. — In order to secure " high " frequency, let us have a dynamo 
with 200 poles arranged alternately, N and S, and drive the armature at 
the rate of 120 revolutions per second. Compute the frequency. 

d. But another method of obtaining high frequency currents 
has been devised by Nicola Tesla. In the Tesla alternator, 
the armature coils are fixed to a piston rod and driven, like the 
piston of a steam engine, back and forth, in the field of a pow- 
erful electro-magnet ; they do not rotate but vibrate in the field. 
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e. The E.M.F. of an alternating dynamo is the average dif- 
ference of potential it maintains. The maximum will be double 
the average. Hence, the greater penetrating and shock-giving 
power of the alternate current than of a continuous current of 
the same voltage. 

/. The field magnets of all dynamos require continuous cur- 
rents to excite them ; hence alternators cannot use their own 
currents, but a separate small continuous-current dynamo is 
generally employed for this purpose. 

ELECTRIC MOTORS. 

219. Electric power has recently been substituted for steam 
power for many industrial purposes, such as running elevators, 
propelling railway cars, and driving machinery in manufac- 
tories. Electric power is developed by the electric motor. 

220. The Electric Motor. — a. An electric motor is a machine 
for converting electric currents into mechanical energy. Its 
action may be explained as follows: 

We have seen that the lines of force in the field of a cur- 
rent are directed in concentric circles (§ 214, b). What would 
happen if two wires carrying currents should lie side by side 
so that their fields would overlap ? Experiments prove that 
parallel conductors carrying currents in the same direction are 
pulled together, but if the currents are in opposite directions 
they are pushed apart. 

If the currents are in the same direction, their lines of 
force, in the overlapping parts of their fields, are in opposite 
directions. This will be readily seen by imagining two wires 
instead of one to pass through the card, LB (Fig. 294), and 
the lines encircling both in the same, direction. Hence the 
principle of attraction and repulsion may be stated for lines 
of force as follows : If the lines of force in two overlapping 
fields are in the same direction they repel, and their wires are 
coolby's puys. — 26 
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pushed apart, if in opposite directions they attract and their 
wires are palled together. 

Now suppose a wire carrying a current to lie across the 
uniform field between the poles of a horseshoe magnet The 
case is represented by Fig. 308. 1 The wire carries the cur- 
rent in the direction of the arrow A. It will be seen that the 
lines of force in the field, above the wire, are in the same 
direction, but in opposite directions below it. Above the wire 
they repel each other and push the wire down. Below the 
wire they attract each other and puU the wire down. This is 




Fig:. 308. 



Fig. 300. 



just what happens: A movable wire is pulled through the field 
of a magnet, if it carry a current across the field between the 
poles. Let the current be reversed and the wire will be 
pulled through the field the other way. 

Next suppose the current to go around a loop of wire at 
right angles to the lines in the field of the magnet, as shown 
by Fig. 309. Since the current in the two branches crosses 
the field in opposite directions, one branch will be pulled up- 



1 The Electric Motor, an Address before the New England Railroad Club. 
By James F. McElroy. 
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ward, while the other will be pulled downward, as shown by 
the arrows, causing a rotation of the loop. A block of iron 
within the loop, as shown, strengthens the magnetic field so 
that the loop is driven with greater energy. 

When many loops are wound around an iron core, so pivoted 
as to permit rotation in the field of a powerful magnet, and a 
strong current is sent through the coil, the energy of rotation 
is enough to drive machinery. 

6. A motor contains the same essential parts as a dynamo 
(§ 217, 6). In fact, a continuous-current dynamo may be used 
as a motor by applying a current, instead of mechanical power, 
to drive its armature. As a dynamo, the machine receives 
mechanical energy at its pulley to drive the armature in the 
magnetic field and produce a current. As a motor, the same 
machine receives a current into its armature, which is then 
driven the other way round by the field, producing mechanical 
energy, which it delivers from its pulley. In principle a 
motor is a dynamo reversed. 

c. Except for the inevitable waste in transferring energy, 
the power which a motor can deliver is equal to the power 
used to generate the current which drives it. Thus suppose a 
10-horse-power engine to drive a dynamo, and that the dynamo 
current is used to drive a motor ; if there were no waste of 
energy in the machines, the motor would deliver 10 horse- 
power to drive machinery in a workshop. But practically a 
large fraction of the 10 horse-power is wasted (§ 24, c). 
Friction and electrical resistance in the dynamo will use 
up, say, 10 per cent, so that the output, as that which it de- 
livers is called, will be only 9 horse-power, or a current of 
746 x 9 = 6714 watts. Then the motor, by its friction and 
electrical resistance, will use up perhaps 20 per cent of the 
current it receives, so that the output of the motor will be 
only 80 per cent of 6714, or about 5371 watts, or a little 
more than ^ of the power used to drive the dynamo. The 
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efficiency (§ 30) is still less, if the current is carried far, on 
account of resistance and leakage along the conductor. 

cL Since so much of the original power is wasted in the 
dynamo and motor, it would seem to be more economical to 
use the steam engine directly. But there are advantages in 
the electric power which offset the losses. 1. Steam power 
and water power must be used on the spot where they are 
generated, while electric power may be conveyed by wires and 
used in manufactories long distances away. A central plant 
may send power to many shops, and the cheap water power of 
a stream may be utilized in a city miles away. Thus a mite 
of the vast energy of Niagara is being converted into kilo- 
watts 1 and sent out to do work in Buffalo, and it is not im- 
possible that some time in the future it will be sent to Albany 
and New York. 2. The electric motor is more reliable, less 
cumbersome, more cleanly, and requires less attention and re- 
pair than a steam engine. 

e. Electric motors placed on cars will propel them singly or 
in trains if sufficient current be supplied. Thousands of miles 
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of electric railways exist in the United States alone. There 
are several ways to supply current to the motors, but the 
"overhead trolley system" prevails in this country. The 
ideal diagram (Fig. 310) illustrates the method employed. 
From a powerful dynamo located in the " power house," the 



1 The prefix kilo everywhere means 1000. 
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current is led off by the " trolley wire," which is supported by 
poles erected along the highway to be traversed. From this 
wire, Z, current is taken by the trolley, C, — a metal wheel 
which rolls against it. The current passes along the trolley 
pole hinged upon the car at C", and thence to a switch, S, by 
which the motorman controls its strength and direction. From 
the switch the current goes to the motor, m, located under the 
car floor and attached to the axle of the wheels. The current 
having driven the motor which propels the wheels, is carried 
by the wheels to the rails, R, and the earth, which form the 
return circuit to the dynamo. 

TRANSFORMERS. 

221. Transformers. — a. A transformer is an instrument 
which changes the E.M.F. and strength of a current by induc- 
tion. Such changes are required in order to adapt a given 
current to the work which it is to do. For example: If a 
current is to be sent through a great resistance, as that of 
many miles of wire, its E.M.F. should be high, while its 
strength is of less account ; but if the current is to do work 
after it reaches a distant station, its E.M.F. may be lower, 
while its strength is more important. 

b. The essential parts of a transformer are two coils, with 
a difference in the number of windings and size of wire, wound 
on the same soft iron core. 

Faraday, who first discovered the principle of induction, 
used two forms of apparatus which may be studied as the 
types of all modern transformers. One of these is known as 
Faraday's ring; the other may be called Faraday's concentric 
coils. 

c. Faraday's ring is shown in Fig. 311. A ring of soft 
iron, R, carries two insulated coils, A and B, wound on sepa- 
rate parts of it. If coil A is connected with a battery or 
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dynamo, induced currents are set up in B whenever the cur- 
rent in A is turned on or off. When the current is turned 

on, R is magnetized and its lines 
of force are sent through B, and 
when the current is turned off, the 
lines of force are withdrawn. B 
is thus alternately filled with lines 
of force and emptied, and this 
alternate increase and diminu- 
tion of the force produces cur- 
rents (§ 215, d, h). 
Now the E.M.F. is found to be higher in the coil having the 
larger number of windings. Accordingly if we would raise 
the E.M.F. of a current, we should send it through the coil of 
least number of turns and take the induced current from the 
other; but if we would lower the E.M.F., we should send the 
primary current through the coil of larger number of turns 
and take the induced current from the other. 

d. Faraday's concentric coils are shown in Fig. 312. A bar 
of soft iron, L, carries two insulated coils, C and C", one wound 
outside the other. Either coil may be the 
primary ; the other will be the secondary 
(§ 215, b). Induced currents will be set (ramim^^ 
up in the secondary as often as the pri- 
mary circuit is opened and closed. If the 
secondary coil has the greater number of 
turns, the E.M.F. will be increased; but «* bm. 

if it has the lesser number of turns, the E.M.F. will be 
diminished. 

e. In fact : The E.M.F. of the induced current is to thai of the 
primary current as the number of turns in the secondary coil is to 
the number of turns in the primary. For example : Suppose one 
coil has 20 turns and the other 1000, then if the given current 
is sent through the 20-turns coil, the induced current should 
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have an E.M.F. 50 times as great (1000 -*- 20). Or if the given 
current is sent through the 1000-turns coil, the induced current 
should have an E.M.F. -fo as great (20 -+- 1000). 

Suppose we have a battery current of 10 volts and desire a 
current of 1000 volts ; what must be the ratio of the turns in 
the coils of the transformer? 

Practically, the above law is not strictly true because there 
is always some waste of energy in the transformer. 

/. It is evident (§ 215, h) that no transformation occurs so 
long as the primary current is continuous. The current from 
a battery or a continuous-current 
dynamo must be weakened and 
strengthened rapidly in some way. 
The most usual way is to open and 
close the circuit by a device called 
a contact breaker. Thus, in Fig. 
313, CC' represents a transformer 
with a contact breaker, hp. A disk 
of soft iron, h, is supported by a Vig ' 813 ' 

spring in front of one end of the core and in contact with a 
metallic point, p. One terminal, A, of the primary coil is in 
connection with h. The battery is in connection with the 
other terminal and also with the point p. The action is as 
follows : The current magnetizes the core, and the core attracts 
h away from p, opening the circuit. The core is no longer a 
magnet ; h springs back to p, closes the circuit, and magnetizes 
the core. Thus the current is rapidly sent into and out of C, 
and induced currents in C" follow with equal rapidity. Trans- 
formers for alternate currents need no contact breaker. 

g. Transformers are needed when glowlamps are to be 
lighted, or machinery is to be driven by currents at places far 
away from the generators. For example : Glowlamps require 
strong currents of many amperes, and from 50 to 100 volts 
E.M.F. But such currents require larger and more costly 
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copper wires to convey them than if they had little strength, 
and very high E.M.F. by which to overcome the resistance of 
smaller ones (§ 194, c, 2). Thus cheaper conductors and less 
loss of E.M.F. are secured. Hence the plan adopted is to gen- 
erate the current at a pressure (§ 193, a) of 1000 to 5000 or more 
volts, and then transform it down at the distant station, to the 
necessary 50 or 100 volts to light the lamps. 

Alternating dynamos chiefly are employed to produce the 
high pressure currents (§ 218, e), and the transformer which 
is used is called a step-down transformer because it lowers the 
E.M.F. Its primary is a coil of many turns of small wire, and 
its secondary is a coil of few turns of coarse wire. 

h. In transforming currents there is no gain or loss of 
energy ; the law of conservation (§ 18, b) is as exacting here 
as elsewhere. 

Thus the poiver of a current, — that is, the rate at which it 
can do work, — is found by multiplying its strength by its 
E.M.F. 

Power = amperes x volts, or W= J x E. 

Now the product (amperes x volts) is constant ; if the volts 
are increased by the transformer, the amperes are diminished 
in the same ratio, and if the volts are diminished the amperes 
are increased accordingly. 

Thus : If a transformer whose primary coil has 30 times as 
many turns as its secondary, receives a current of 5 amperes at 
3000 volts, it should deliver a current at 3000 -*- 30, or 100, 
volts, and 5 x 30, or 150, amperes. 

Examples. — 1. To transform down from 2000 volts to 50 volts, what 
must be the ratio of the windings in the transformer ? Which will be the 
primary coil ? If the 2000- volt current has strength of 6 amperes, what 
will be the strength of the 60-volt current obtained ? 

2. To transform up from a current of 40 amperes at 10 volts, to one of 
1000 volts, what must be the ratio of the windings ? Which coil must 
receive the 10-volt current ? What will be the strength of the 1000-volt 
current ? 
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i. The power of a current is measured in units called watts. 
A watt is the power of a current of 1 ampere at 1 volt. 746 
watts are equal to 1 horse-power (§ 16, 6). 

Watts = amperes x volts = horse-power -*- 746. 

Thus a current of 1 ampere at 1000 volts would have a 
power of 1000 watts, and be able to do work at the same rate 
as steam in a steam engine of 1000 -*- 746, or about 1.3, horse- 
power. 

But the current of 1 ampere at 1000 volts would not be 
adapted to all kinds of work. It would not, for example, 
successfully light ordinary incandescent lamps for which a 
current of 100 volts is required. Now a step-down trans- 
former will change this 1000-volt current to one of 10 amperes 
at 100 volts, the power remaining the same, 1000 watts. Some 
leakage or loss is inevitable in every transfer of energy, but 
aside from this a transformer does not change the power of a 
current. 

j. Again, lamps are often described by stating the power re- 
quired to light them. Thus an arc lamp which takes 10 
amperes at 50 volts, or 500 watts, is said to be a 500-watt 
lamp. Two such lamps, joined in series, would take the 1000 
watts of current, which, as in the above illustration, should be 
furnished by a dynamo driven by a steam engine of about 1.3 
horse-power. In practice a much more powerful engine is 
needed, on account of the wasted work which is inevitable 
(§ 24, c). 

Example. — If no losses occur in transferring the energy, how many 
450-watt arc lamps at 45 volts can be lighted, in series, by the current 
from a dynamo driven by a steam engine of 50 horse-power? What 
would be the strength of the current ? 

222. Induction Coils. — a. Step-up transformers, intended to 
deliver currents of such high E.M.F. as to produce spark dis- 
charges through air, and other effects like those of statio 
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electricity, are called induction coils. They are constructed on 
the type of Faraday's concentric coils (§ 221, d). The primary 
coil consists of a few turns of large wire, so that it may carry 
large currents of low E.M.F. with little loss from resistance. 

The secondary coil consists of 
a very great number of turns 
of small wire, so that the ratio 
of windings may be as large 
as practicable (§ 221, e) with- 
out making the coil too cum- 
bersome. The central core is 
of the softest iron, so that it 
will be promptly magnetized 
and demagnetized by momen- 
tary currents (§ 212, a), and it 
is preferably made up of small wires, so that less heating by 
eddy or Foucault currents (§ 218, /) will occur. 

b. Besides these vital parts, the instrument is provided with 
a contact breaker, so that the continuous current of a battery 
shall become intermittent, and a condenser (§ 180, a), so that the 
extra current (§ 216, d) shall be drawn off and not permitted 
to prolong the primary current when the circuit is opened. 

The relation of all these parts to one another is shown in 
Fig. 314, and one actual form of the instrument in Fig. .315. 
The course of the primary 
current may be traced by 
the arrows. The second- 
ary current will break 
across an air space, r, be- 
tween the ends of the 
secondary coil + and — , 

* Figr. 315. 

as a spark. 

c. The condenser and its action needs some further explana- 
tion. It is practically a large Leyden jar (§ 180, a, b). It 
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consists of two sheets of tin foil separated by paraffined 
paper. In order to have large surfaces in compact form, 
the two tin-foil sheets are folded, and their folds alternate 
as shown at C (Fig. 314). One sheet is joined to the pri- 
mary circuit on one side of the contact breaker; the other 
sheet is joined to the primary circuit also, but on the other 
side, so that the circuit through the condenser is opened and 
closed at the same instant as the primary. 

On closing circuit, the self-induced currfent in the primary 
coil will not be affected by the condenser, and it will, as 
explained in § 216, e, compel the primary current to take some 
time to reach full strength. But on opening the circuit, the 
extra current will take to the condenser and be spent in charg- 
ing it instead of opposing the primary current, so that the 
primary current should cease instantly. Thus the secondary 
coil is filled gradually with lines of force on closing, but 
emptied instantaneously on opening, the circuit. Hence the in- 
verse current is feebler than the direct. In fact, it is only 
the direct current which has high enough E.M.F. to leap the 
air space and produce the sparks. 

THE TELEPHONE. 

223. Telephony. — a. Telephony is any process by which 
an electric current causes sounds which are made at one place 
to be repeated at another. It is sometimes defined as the art 
of transmitting sound by electricity, but this definition is faulty 
because no sound, but an electric current only, passes between 
the distant stations. The fact is, that the energy of sound 
waves produces an electric current at one station, which, on 
reaching the distant station, reproduces similar sound waves 
there. The combination of instruments by which this is done 
is called a telephone. 

b. The essential parts of a telephone are three : The trans- 
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mitter, by which sound waves generate or modify an electric 
current; the line, by which the current is transmitted to the 
distant station ; the receiver, by which the current reproduces 
sound waves. In the original Bell system, the transmitter and 
receiver were identical in form, but in the modern system the 
two are quite different. The Bell telephone depended entirely 
on induction; in the modern system, the transmitter employs 
a battery current, and only the receiver operates by induction. 
224. The Bell Telephone. — a. Fig. 316 represents the Bell 
instrument, in perspective and in section. B is a steel mag- 
net, with one end encircled by a coil, C, of many turns of 

fine wire, the ends of which 
are in the binding posts, P, 
P. D is a thin disk of sheet 
iron in front of the magnet, 
and E is a funnel-shaped 
cavity for the lips when the 
instrument is used as a trans- 
mitter, and for the ear when 
it is used as a receiver. 
The diagram (Fig. 317) 
shows the connection of two stations, L and M. CC is a wire 
reaching from one to the other, with each end joined to one 
terminal of the Bell instrument, while the other terminal is 
joined to earth. 




Fig. 316. 
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Fig. 317. 

b. When one speaks into either of these instruments, say T, 
the disk is made to vibrate in unison with the air waves of the 
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voice. As it swings toward the pole of the magnet, the field 
is strengthened, and a current is set up in the coil, c. When 
it swings back, the field is weakened, and a current in the coil 
is set up in the opposite direction. These induced currents go 
over the line and through the coil of the receiver, R, at the dis- 
tant station. There they alternately increase and diminish the 
strength of the field of the magnet. When the field is stronger, 
the disk is pulled more strongly toward the magnet ; when it 
is weaker, the disk is less attracted and springs back. Thus 
the motions of the disk T are repeated by the disk R. But the 
vibrating disk, R, produces air waves, and similar air waves 
are recognized as similar sounds. Hence the sound at T will 
be repeated to an ear at R. 

225. The Carbon Transmitter. — a. In the modern trans- 
mitter, a battery current is made to pass through carbon so 
arranged that its resistance is changed by varying the pressure 
upon it. We know that a current is weakened by passing from 
one conductor to another when they are loosely joined, because 
of the large resistance due to loose contact. By pressing the 
conductors more closely together, the current is strengthened. 
In carbon transmitters, the pressure is 
varied by the air waves of the voice, and 
a steady current is thus changed into 
one which is undulatory. 

b. The instrument in common use is 
known as the Blake transmitter. Its 
action may be understood by means of 
the diagram (Fig. 318). Behind the 
disk is a slender spring, *, with a lit- 
tle platinum knob on the end, which rig * 818# 
is held with slight pressure against the middle of the disk. 
Another spring, p } causes a carbon button to press lightly 
against the platinum knob. One terminal of a battery is 
joined to one spring, and the line wire, L, connects the other 
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spring with a Bell receiver at the distant station. The circuit 
is then complete, and a steady current goes through both 
instruments. But when one speaks into M y 
the air waves will vibrate the disk, causing 
the pressure of the knob against C to in- 
crease and diminish, and making the resist- 
ance of the loose contact to vary. In this 
way, an undulating current is transmitted 
which sets up vibrations in the disk of the 
receiver. 

c. But instead of sending the battery 
current directly to the receiver, it is sent 
through the primary of an induction coil. 
The induced current, of higher E.M.F. 
(§ 221, e), traverses the line and vibrates 
the disk of the receiver more effectively. 

In the "long-distance" transmitter, the 
carbon is granular instead of hard, so that 
the air-wave pressure acts on a large num- 
ber of contact surfaces, causing greater 
variations in resistance. A more powerful 
battery, and a return wire instead of the 
earth circuit, also improve the action. 

d. A small magneto-machine, whose armature is turned by 
a crank, is placed at each station in order to call the attention 
of the attendant at the other. The current of this little hand 
dynamo rings a bell both at the sending and receiving station. 
Finally, Fig. 319 shows the outfit for each station. The induc- 
tion coil is in the same case with the transmitter. 

e. There are nine events which follow one another in regu- 
lar succession in talking through the telephone. The first is 
the production of air waves in the transmitter. The last is the 
reproduction of similar air waves in the receiver. Can you 
name the nine in their order ? 
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Fig. 319. 
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226. Electric Heat. — a. One who handles the wires of elec- 
tric circuits often finds that they are warmed by the currents 
which they carry. In fact, heat is always produced in electric 
circuits, and when the current is strong and the resistance in 
the circuit large, the temperature may be very high. This may 
be shown as follows : 

Experiment 159. — Stretch an iron wire, No. 30, between two supports, 
(pp 1 , Fig. 320), 10 to 15 inches apart, and connect one end firmly with 
one terminal of a battery consisting of 
several cells in series. Place the other 
terminal, s, upon the wire at the other 
end, and gradually slide it toward p. 
Watch for evidence of heat. Estimate 
the length of the wire, which can be 
made red hot. Try a copper wire, No. 
30, the resistance of which is less than 
that of the iron, and also a German silver 
wire, No. 30, whose resistance is greater. 
Estimate the length which can be heated to about the same temperature 
in each case, to see if you can detect any relation between the heat and 
the resistance of the wire. 

b. By precise experiment Joule discovered the following 
laws: 

1. The quantity of heat produced in one second by a current 
of given strength is proportional to the resistance of the conductor. 

2. The quantity of heat in one second varies as the square of 
the strength of current 

3. The quantity of heat in one second, by a current of 1 
ampere through a resistance of 1 ohm, is .24 calorie. A calorie 

41& 
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is the quantity of heat which will raise the temperature of 
1 g. of water 1° C (§ 92, b). 

Hence the quantity of heat produced by any current, through 
any resistance, in any time, will be : 

Calories = .24 x amperes* x ohms. 

To illustrate : A current of 20 amperes, if passed through a 
wire whose resistance is 25 ohms for 30 seconds, will develop 
heat .24 x 400 x 25 = 2400 calories. 

Examples. — 1. If the wire, which carries the current just described, 
is immersed in 800 g. of water at 15° C. f what temperature would the 
water reach at the end of the 30 seconds if no heat escaped ? 

2. If the same quantity of heat is applied to 200 g. of water, or \ as 
much as before, how would the rise of temperature compare in the two 
cases? 

3. Suppose the same quantity of heat to be used to heat 200 g. of 
copper, whose specific heat (§ 94, a, d) is .096, how would the rise of 
temperature compare with that of the 200 g. of water ? 

c. The rise of temperature depends not only on the quantity 
of heat used, but on the nature of the body in which it is 
developed. If the foregoing problems have been solved, their 
solutions illustrate this law : The rise of temperature, due to a 
given quantity of heat, varies inversely as the mass and tlie spe- 
cific heat of the substance. For example : 100 calories would 
heat a thin copper wire to a higher temperature than a thick 
copper wire of the same length, because there is less copper to 
be heated. It would heat an iron wire of the same mass as the 
copper wire to a higher temperature, because the specific heat 
of iron is less. Hence the rise of temperature is represented 

as follows : 

calories 



Centigrade degrees = 



sp. heat x grams 



d. Electric heat is now used for welding, brazing, and tem- 
pering metals. A current of great strength, but small E.M.F., 
is employed for these purposes. Such a current generates heat 
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enough in overcoming the resistance at the contact of the sur- 
faces of two pieces of metal to quickly raise the temperature 
so high as to soften or even melt them. Thus the ends of two 
rails of a railway track are welded by softening them while 
in contact, and then pushing them together by heavy pressure. 
The current is usually obtained by transforming (§ 221, a, e, 
g, h) a strong alternating current of, say, 300 volts to 2 volts 
or less. 

e. Electric heat has been used to some extent in getting 
metals from their ores ; the manufacture of aluminum bronze 
by the " Cowles process " is the best example. The crushed 
ore, mixed with copper (or some other metal) and fine charcoal, 
is placed in an appropriate box. Insulated wires lead a heavy 
current into the box. Intense heat is developed by the resist- 
ance of the mixture, the ore is decomposed by it, and the alu- 
minum combines with the copper to form aluminum bronze. 

/. An electric heater is a device for heating by electricity. It 
consists usually of coils of wire, with high resistance, through 
which heavy currents may be passed. The coils may be placed 
inside of metallic boxes which will radiate the heat produced, 
or they may be immersed directly in a liquid which is to be 
heated. Thus a coil in a suitable box with an iron top is an 
electric stove, which can be used for culinary purposes. Or a 
kettle of the usual form, having a coil fixed inside upon the 
bottom, is an electric teakettle. Electric cars are often warmed 
by electric heaters. 

227. Electric Light. — a. We have learned that radiant heat 
and light are essentially the same kind of energy (§ 138, a). 
Whenever any refractory solid is heated to. sufficiently high 
temperature, it emits light, and if the heat is due to a current, 
the light is called electric light On these facts are founded the 
practical methods of electric lighting. Electric lamps are of 
two kinds, — incandescent or glow lamps, and arc lamps. 

b. In the incandescent lamp, the light is emitted by a thin, 
cooley's phys. — 27 
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infusible conductor of high resistance, which is heated nearly 
white hot by a current. Practically, the only substance used 
for this purpose is carbon. Other substances, metals for 
example, are liable to melt. On the other hand, 
carbon is very combustible in air, but this objec- 
tion to its use is overcome by inclosing it in a 
vacuum. 

c. Fig. 321 represents an Edison glow lamp. 
A filament of bamboo, little thicker than a horse- 
hair, is carbonized in the form of a loop, F. Its 
ends are fixed to two insulated platinum wires, 
c, c. These pass through a stopper which closes 
the end of the lamp at D. When this lamp is 
screwed upon a socket, S, borne by the fixture, «R, 
the wires, c, c are brought in connection with the 
line by contact with two insulated brass plates in 
the socket, in which the line terminates. A turn- 
off, T, enables one to light or extinguish the lamp by closing 
or opening the circuit. 

d. Incandescent lamps are usually connected in parallel, as 
shown in Fig. 322. All the lamps take current directly from 
one of the line wires, MG\ and return it to the other, CL. Each 
lamp requires the same current as every other. For exainple, 
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Fig. 322. 



the Edison lamp of 16 candle-power requires a current of 
about .5 ampere at 110 volts. So the dynamo, D 9 must yield 
a current of constant potential — 110 volts — but of varying 
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strength, according to the number of lamps, .5 ampere for one, 
5 amperes for ten, and so on. In this way the lamps are inde- 
pendent of one another ; any number may be lighted or extin- 
guished without affecting others. 

6. Those who use electric light are sometimes charged a fixed 
rental per lamp, and sometimes a fixed price per watt-hour. By 
watt-hour is meant a current of 1 ampere at 1 volt for 1 hour. 

An Edison lamp which requires .5 ampere at 110 volts, takes 
110 x .5, or 55, watts. To light this lamp from 6 o'clock p.m. 
until 10 p.m., the electric light company must actually deliver 
55 watts continuously for 4 hours, and the consumer will be 
charged for 55 x 4, or 220, watt-hours. Watt-meters are instru- 
ments by which electrical energy is measured in watts. 

228. Arc Lamps. — a. Arc lamps have grown out of a dis- 
covery made by Humphry Davy, in 1800, which may be 
illustrated by the following experiment : 

Experiment 160. — Connect the terminals of a battery, of several cells 
in series, with the ends of two carbon "pencils," or pointed carbon rods, 
( C, C", Fig. 323). First bring the points together, and 
then separate them a very little distance, perhaps 
equal to the thickness of a sheet of tissue paper, but 
greater if the E.M.F. of the current is high. You 
should observe what Davy saw, — a brilliant light 
emitted by the white-hot tips of the carbons. Before 
actual contact, no sign of a current can be detected. 



b. The explanation of these facts is as fol- 
lows : The E.M.F. of the current is too low 
to throw a current across an air space of even 
.0001 inch between the points, but by actual 
contact a current is established. The resist- 
ance at the points is very great, and they be- 
come hot. At the moment of separation, the intense heat vol- 
atilizes a little carbon; the vapor is a better conductor than 
air, so that the current continues to pass through the vapor 
which it supplies, unless the gap becomes too wide. 
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Fig. 324. 



The space between the glowing points is called the voltaic or 

electric arc. It is the seat of the intensest heat, but the tips 

of the carbons emit the chief part of the light, because matter 
is a better radiator in solid than in gaseous form, 
c. By means of a convex lens, a magnified image 
of the electric arc (Fig. 324) may be thrown on a 
screen, and a study of the image reveals some inter- 
esting facts : 

The -f carbon is more intensely bright than the 
— carbon. The end of the + carbon becomes con- 
cave ; that of the — becomes 
pointed. A less brilliant pur- 
ple aureole of incandescent 
vapor surrounds the tips and 
fills the space between. 
Both carbons waste away, but the -f 

nearly twice as fast as the — . Thus the 

length of the arc increases, and unless 

the tips are carried by some means nearer 

together again, the light is suddenly ex- 
tinguished. 

d. In almost all practical forms of 

arc lamp, the lower carbon is fixed and 

the upper one is held by a lever or 

clutch, which lets it fall gradually by 

its own weight as the gap widens. The 

clutch is operated by an electro-magnet, 

around which the current goes on its 

way to the carbon. As the gap widens, 

the current weakens; the magnet loses 

strength and lets the carbon down. 

Fig. 325 represents a common form of the arc lamp. The 

regulator is encased in the upper part, R. The course of 

*he current may be traced by means of the arrows. 




Tig. 325. 
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e. Arc lamps are usually connected in series, as shown in 
Fig. 326. Each lamp takes the current that has passed 
through all those that precede it on the circuit. 




Fig. 326. 

Each lamp requires a current of about 8 or 10 amperes at 
45 or 60 volts. So the dynamo, 2>, must yield a current of 
constant strength, but of varying potential, according to the num- 
ber of lamps. As many as 60 or even 80 lamps are sometimes 
lighted by one machine. Suppose each lamp to take 450 watts 
(§ 221, t) at 45 volts, then the machine must be able to give 
a current having a constant strength of 10 amperes, and a 
voltage ranging from 45, when only one lamp is lighted, up 
to 3600 volts when the 80 are turned on. 



CURRENT PRODUCED BT HEAT. 

229. Thermoelectric Currents. — a. Heat may be transformed 

directly into electric current. To produce a thermoelectric 

current, proceed as follows : 

Experiment 161. — To the ends of a heavy German silver wire, L 
(Fig. 327), about six inches long, 
fasten two copper wires, C, C, by 
twisting them together firmly with pli- 
ers. Join C, C to a low resistance gal- 
vanometer, G. Warm the junction, a, 
of the two metals by hot water or the 
hot air above a lamp flame, and watch 
the galvanometer. Note the direction 
of its swing. Immerse a in ice water, and note the swing of the needle. 
Thus you observe the opposite directions of currents due to heat and cold. 




Fig. 327. 
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Then warm the junction 6. Ton should observe the opposite directions 
of the currents due to heat when applied to the two junctions of the 
metals. 

b. Two bars of different metals joined at one extremity are 
called a thermoelectric pair. If the circuit be closed by joining 

the other extremities of the pair, a current 
will be set up whenever the two junctions 
differ in temperature. The E.M.F. of the 
current with a single pair depends on the 
kinds of metal and the difference of tem- 
perature between the two junctions, but it is 
always very low. For example : If the junc- 
Fi*. 3»«. tj on f a QermanrsUver-copper pair is 1° C. 

warmer than the rest of the circuit, the E.M.F. of the current 

is 15.55 microvolts (micro = one millionth). 

c. The E.M.F. of a thermoelectric current may be increased 
by joining pairs in series (Fig. 328). Several thermoelectric 
pairs in series are called a thermoelectric pile. Bismuth and 
antimony are used in small piles, because of their greater dif- 
ference of potential, but large piles, or thermoelectric batter- 
ies, contain cheaper and more durable metals. 





Fig. 389. 

d. A thermopile of many pairs, with a sensitive galvanome- 
ter, constitutes an electrical thermoscope, which is invaluable as 
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an instrument to detect extremely small differences of tem- 
perature (Fig. 329). The pile, P, consists of, say, 40 pairs 
of small bismuth and antimony bars. The galvanometer, G, 
has a short coil (low resistance) and an astatic needle. The 
cone, C, is for the purpose of collecting radiant heat and con- 
centrating it upon the face of the pile. 



DISCHARGES IN VACUA. 

230. Electric Discharge through Gases and Vacua. — a. When 
the difference of potential between two bodies is very great, 
a discharge takes place through the air. The appearances of 
this discharge, under different circumstances, are extremely 
varied and beautiful. They depend on the density and the kind 
of gas in which the discharge occurs. 

6. The discharge may be studied by joining the secondary 
wires of an induction coil to brass rods which terminate in 
knobs inside an air-tight, oval-shaped vessel, which may be 
exhausted by an air pump. As the exhaustion proceeds, a 
gradual change goes on in the character of the 
discharge, but certain distinct features appear at 
certain stages, which we will describe. 

1. At the ordinary density of the atmosphere 
the discharge appears as a brilliant, white, zig- 
zag line of light between the knobs (Fig. 330). 
The resistance between the knobs converts the 
electric energy into heat, and the light is the 
glow of the intensely heated air along the path 
of the discharge. If the E.M.F. is 10,000 volts, 
the knobs may be separated about 1.4 cm. At 
this ratio, the E.M.F. necessary to produce a 
flash of chain lightning 1 mile long in air at 
ordinary density, has been computed to be equal to that of 
two hundred thousand 5000-volt dynamos in series. 




Fig:. 330. 
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2. As the exhaustion proceeds, the zigzag line changes to a 
diffuse glow (Fig. 331), red at the + and violet at the — knob, 
and the length of the discharge may be increased 
by separating the knobs. All this is due to 
diminution in density. The resistance of the 
air is diminished, hence the path may be longer, 
and the heat is less intense so that it no longer 
ignites the air to whiteness. 

3. When the density is reduced to about 
.005, the glow begins to break up into cuplike 
layers of light, separated by dark spaces, with 
their convex surfaces toward the — knob (Fig. 
332). As the exhaustion proceeds, these strise 
grow more distinct and reach from knob to 
fi*. 331. k n ob. The beauty of this stratified discharge 
is best seen in Qeissler tubes, which are glass tubes with plati- 
num wires sealed in at the ends, and containing various gases 
rarefied to about .0006. Each gas glows with a 
brilliant color of its own. 

But if the exhaustion is continued, a dark 
space around the — knob extends further and 
further, driving the striaB before it until it 
reaches the + knob, and the whole distance is 
comparatively dark. 

4. When the exhaustion has reached about 
.000001, an entirely new set of phenomena ap- 
pears. The discharge no longer takes the short- 
est path between the knobs, or other electrodes, 
it goes in straight lines perpendicular to the sur- 
face of the — electrode, without any regard to F, * # 382 " 
the other. In the lower vacuum it is the gas in the tube that 
glows, but in this " high vacuum," not the contents of the tube, 
but the walls of the tube itself, are luminous. English glass 
glows with a beautiful violet color ; German glass with green- 
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ish yellow ; and if the discharge is thrown upon mineral mat- 
ters within the tube, they also phosphoresce with rare beauty, 
each with its own peculiar color. A 
crystal of Iceland spar (Fig. 333) glows 
with brilliant yellow light. 

The highly exhausted tubes for these 
results are known as Crookes tubes, the 
discharge in high vacua having been 
first studied by William Crookes about 
twenty-five years ago. 

c. The residue of gas in these tubes 
is so different from ordinary air, that 
Crookes was constrained to consider it 
a fourth form of matter, which he 
termed radiant matter. 

But the explanation seems to be this : 
The kinetic theory of gases teaches that 
molecules of gas are in ceaseless motion 
(33) in straight lines, changing direction 
only when they collide with one another. Of course, their 
paths between collisions become longer as the density becomes 
less, and when the density is reduced to .000001 or less, the 
molecules may fly the whole length of a tube with few colli- 
sions among themselves. On contact with the — electrode 
they are thrown from it in straight lines and strike the walls 
of the tube, where their energy is given up to the molecules of 
the glass. The remarkable fact is that the seat of the electric 
energy, which drives the air molecules, is the — electrode. The 
4- electrode shows no such action. 

d. The energy which goes from the — electrode of a high- 
vacuum tube constitutes what are called the cathode rays. 
These rays seem to consist of streams of electrified molecules 
of the residual gas, accompanied by disturbances in the ether. 
The streams of molecules were revealed by the experiments of 




Fig. 333. 
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Crookes, and the ether disturbances were suggested by those of 
Hertz and Lenard. Thus in a Crookes shadow tube (Fig. 334), 
the anode, A, is an aluminum cross hinged upon a wire. When 

the cross is down, the rays 
have free course from the 
cathode, C, to the glass, and 
the large end of the tube 
glows brightly ; but when the 
cross is erect, its dark shadow 
appears on the luminous glass. 
^ MM The molecular streams that 

Flff . 834* 

produce the glow are unable 
to penetrate the compact metal. But Hertz, in 1891, showed 
that the aluminum, when thin, does transmit something, and 
Lenard succeeded in letting that something out through a 
very thin aluminum window into the air outside. These trans- 
mitted rays, according to Lenard, are disturbances in the ether. 

e. In 1895 Eoentgen (Kenfken) discovered that the field 
outside of an excited high-vacuum tube is filled with invisible 
rays. He surrounded the tube with a shield of black paper. 
At a distance he placed a paper screen covered with barium 
platino-cyanide, and, in a completely darkened room, he saw 
this screen lighted with brilliant fluorescence. Not knowing 
what produced this effect, he designated the unknown cause 
the X-rays. 

The most striking characteristic of the X-rays is their power 
to penetrate opaque bodies. They pass freely through blocks of 
wood, thick books, and plates of ebonite. In fact, all bodies 
seem to be transparent, but in different degrees, to these rays. 
Metals are more opaque than other substances, and bone is 
more opaque than flesh. 

Two most interesting effects of the X-rays are the lighting 
up of many fluorescent substances, and the chemical action on 
photographic plates, Roentgen placed his hand between the 
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tube and a fluorescent screen and saw a shadow of the bones 
clearly defined on the paper. The X-rays passed freely 
through the flesh to illuminate the screen, but were inter- 
cepted by the bones. He substituted a photographic plate 
for the screen and obtained a picture of the skeleton of the 
hand, the more transparent flesh being faintly shown. 

Among other properties which distinguish these rays, Roent- 
gen found the following : They cannot be reflected, refracted, 
dispersed, nor polarized like radiant heat and light, nor can 
they be deflected by a magnet, like the "radiant matter" of 
Crookes, or the cathode rays. 

The nature of the X-rays is still unknown, and even their 
origin is in doubt. But recent experiments seem to show that 
they are produced by the cathode rays striking the walls of the 
vacuum tube, or any other surface in their pathway. The 
bombarded surface, rather than the cathode, seems to be the 
source of the X-rays in the field outside the tube. And as to 
their nature, nothing is known beyond doubt. The belief is 
at present growing stronger that they are ordinary transverse 
ether waves whose wave lengths are less than those of the 
most ultraviolet light. 

RADIANT ELECTRICITY. 

231. Radiant Electricity or Light. — a. We have seen that 
radiant heat and light originate in the molecular vibrations 
of their source, and are transmitted by waves in the ether. 
Recent investigations have shown that electric vibrations and 
waves exist also, and seem to have proved that light is the 
result of these electric undulations. 

b. The electric spark is not a single rush of energy, but an 
oscillation. This is a fact established by many experiments. 
It is also in accord with theory. For if the ether is strained 
by an electric charge, it should, like any other elastic substance, 
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vibrate when released from the stress ; that is, when the dis- 
charge takes place. So in the discharge of a Leyden jar the 
electric energy surges back and forth many times between the 
knobs. By a succession of sparks, as in the discharges of an 
induction coil, these surgings are kept up, as the vibrations 
of a tuning fork are made to continue by periodic blows upon 
the prongs. But if electric vibrations occur, electric waves 
should exist also ; for the perfectly elastic ether must transmit 
the electrical disturbance as inevitably as air transmits the 
simple harmonic motion of a tuning fork. 

The existence of electric waves is not an inference from the 
oscillatory nature of an electric spark alone ; it is attested by 
many direct experiments. The first of these were made by 
Hertz, in 1888. 



Fig. 885. 

c. To produce the electric vibration, Hertz used an induction 
coil, L (Fig. 335), in connection with two metallic rods, r, r\ 
each ending in a small ball at one end, and carrying a large 
sphere or plate, C, G\ at the other end. This apparatus is 
called the oscillator. When in action, the coil charges the 
plates, and they discharge across the air gap between the 
knobs. A rapid succession of sparks keeps up the oscilla- 
tions at the rate of many millions per second. 

To detect the electric waves he used an open wire ring, R 
(Fig. 335), terminating in small balls whose distance apart 
could be varied at will. This is called the resonator. In 
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action, when the resonator is set in front of the knobs of the 
oscillator and in either of the two positions shown, sparks pass 
between its balls. 

d. The existence of electric waves was proved by showing that 
the electric energy which passed from the oscillator to the 
resonator could be reflected, refracted, dispersed, polarized — 
in fact, that it had all the properties of waves in an elastic 
medium. For example,- reflection was shown by a sheet of 
zinc bent into the form of a parabolic reflector, R (Fig. 336), 
with the oscillator, O, placed along its 
focal line. The resonator would emit 
sparks when held directly in front of the 
reflector, but not otherwise, showing the 
reflection of a parallel beam, as light 
would be reflected if a luminous body 
were at the focus instead of the oscil- 
lator. A plane sheet of metal, standing 
obliquely at a distance in front of R y 
threw the beam back, and the resonator Fi8r# 336 * 

showed that the electric waves made angles of incidence and 
reflection equal (§ 120, c; § 146). 

• 6. The interference of electric waves was shown as follows : 
The metallic reflector was so placed that the waves were 
thrown back upon themselves. Then when the resonator was 
carried along the line from oscillator to reflector, the sparks 
became alternately strong and feeble. This showed that the 
direct and reflected waves formed nodes and segments, as do 
waves upon a cord whose end is shaken by a tuning fork 
(§ 133), or as two sounds produce beats (§ 136), or as two 
portions of light produce alternate light and darkness (§ 168). 
Hence the law of interference (§ 135, d) prevails in electric 
radiations. Hence, too, the wave-lengths of these radiations 
can be found, since the distance from one node to the next one 
is a half wave-length. 
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/. Electric waves emanate not only from a spark discharge, 
but from an alternating current also. So from the wire path- 
way of an alternating current, electro-magnetic waves ripple off 
through space. It is by such waves that induction currents are 
set up in neighboring conductors in closed circuits. 

g. Long before the existence of these waves was proved, 
Clerk Maxwell (1865) demonstrated, mathematically, that if 
such electric waves do exist f their velocity in space is the same as 
that of light. He at once suggested the probability that light 
waves are themselves electro-magnetic waves, and this is Max- 
well's electromagnetic theory of light. Since the experiments 
of Hertz and others have proved that electric waves do exist, 
and that they are subject to the laws of interference, reflection, 
refraction, and other phenomena of light, this theory has been 
widely accepted. It seems to be almost demonstrated that 
luminous and electro-magnetic waves are the same in kind; 
in other words, that light and electric radiation are one. 



APPENDIX. 



I. THE GRAPHIC METHOD. 

1. Representing Quantities by Lines, — a. Anything that can be meas- 
ured may be represented to the eye by the length of a line. A line of 
any convenient length may be chosen to represent a unit or any other 
definite quantity. Then a line two, or three, or n times as long, will rep- 
resent two, three, or n times that quantity.' 

b. Different quantities of the same kind may be represented on one 
line. To represent several different masses, for example, proceed as fol- 
lows : Draw a straight horizontal line ; letter it OX, with O at the left- 



Fig. 337. 

hand end. Choose a certain length, say 1 cm., to represent a definite 
mass, say 2 pounds. Place dots at equal distances of 1 cm. along the 
line, measuring from O, and letter them a, 6, c, and so on. Then the line 
Oa represents 2 pounds, Ob represents 4 pounds, Oc represents 6 pounds. 
Seven pounds are represented by the line from O to a point midway 
between c and d. Volumes, forces, time, — any quantities whatever, — 
may be represented in this way. 

2. Representing Related Quantities. — a. One line may be constructed 
which will represent two related quantities at once. Take the case of 
a body in uniform motion. The distance it goes depends on the time 
it is kept in motion ; hence distances and times are related quantities. 
The corresponding values of these can be found by experiment. Suppose 
that the observations in the following table have been made. 
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Times. 


Distances. 


1 sec. 

2 " 
3.6 " 
6. » 


10 ft. 
20 " 
35 " 

50 " 




To construct a line that shall represent both the quantities at once, 
proceed as follows: 

Draw two lines OX and OF (Fig. 338) at right angles, and place dots 
at equal distances from O on each. Now suppose the divisions on OX to 
represent distances, and let one division represent 10 feet. Also, suppose 
the divisions on OY to represent time*, and let one division represent 
1 second. Then the distances from O to a, 6, c', e represent the distances 
10, 20, 35, 50 feet, and the distance* from O to 1, 2, 8.6, 5 represent the 
times 1, 2, 3.6, 6 seconds. From each of these points on OF draw light 
horizontal lines, and from each point on OX draw light vertical lines. 
Through the intersections of these lines draw the straight line OP* This 
is the line sought. 

Every point in this line represent* the corresponding values of the time 
and the distance of the moving body from the moment when it started 
from O. How far had it gone at the end of 4 seconds ? Count 4 divisions 
on OT; draw a horizontal line to OP; it will reach that line at p, and a 
vertical line from p will reach d on OX. Now d is 4 divisions from O, 
and 4 divisions represent 40 feet. How long would it take this body to 
go 60 feet? Count 6 divisions from O on OX for the 60 feet ; draw a 
vertical line to OP: it will reach p\ and a horizontal line from p' will 
reach 6 on OF. Now 6 divisions on OFrepresent 6 seconds. 

6. The two lines at right angles, OX and OY, are called axes. OX 
is the axis of abscissas; OY, the axis of ordinates; and O is called the 
origin, A line OP, which represents at every point the corresponding 
values of two related quantities, is called a curve, even when ft is straight. 

c. Much labor is saved if the paper on which carres are to he plotted 
is divided into equal squares, a* shown m Pig. 330. 

d. Mathematical worn nmy be often saved by the use of aeurre. For 
example, the value of any number of centimeters in inches, or of inches 
in centimeters, may be read directly from a curve without the trouble of 
computhig it. The construction of this centimeter-inch curve shall be 
another and sufficient illustration of the graphic method. 
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Distance ab. 


1 inch = 2.5 centimeters 


2 " = 5.1 


tt 


2; " = 6.4 


tt 


3} " = 8.8 


tt 


5 " =12.7 


tt 



The corresponding values of centimeters and inches, which are given in 
the table below, were obtained by Experiment 4, p. 16. 

Let the origin O be at the left-band lower corner of one of the larger 
squares on a sheet of curve paper (Fig. 339). Represent inches on OY, 

and centimeters on OX. Choose the 
following scales : let one division repre- 
sent a half-inch, also let one division 
represent one centimeter. Number the 
inches on OF, and every fifth centi- 
meter on OX. Now from 1 on OY 
count, on the horizontal line, 2.5 divi- 
sions for the 2.5 centimeters, and mark 
the point with a dot From 2 on OF 
count 5.1 divisions horizontally for the 
5.1 centimeters, and mark the point with a dot. In the same way place 
dots to mark the points which represent the inches and centimeters in 
each of the three other pairs of 
observations. Then draw a fine 
straight line from through 
these dots. This line OP is the 
curve which shows the equiva- 
lent values of inches and centi- 
meters. 

How many centimeters are 
equal to 6 inches? 4 \ inches? 
1J inches? How many inches 
are equal to 15 cm. ? Convert 
7 cm. into inches. Convert 7 
inches into centimeters. 

e. Since observations are not exact, the dots cannot be exactly in the 
right places, and a smooth straight line or curve will not pass exactly 
through them all. It should be always drawn so as to leave as many 
dots on one side of it as on the other. A dot very far away from the 
curve which includes the others shows that an error was probably made 
in that observation. 



\ 


n~ 




















. ' 




' 






















Jf ■ 


4 ZZ 
































'' 
























































•0 I 




























^ i 




























^ 


























1? 1 




















































. 


























" 






































































































G 








b 








to 






li 


wa 


i> 



Centimeters 
Fig. 339. 



II. INTERPRETATION OF EXPERIMENTAL 
RESULTS. 



1. Relations between Quantities. — The relations of quantities to each 
other are very generally expressed as proportions. Thus : The weights of 
bodies are directly proportional to their masses. The values of one quan- 

cooley's phys. — 28 
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tity may be directly or inversely proportional to those of the other on 
which they depend. They may be directly or inversely proportional to 
the squares of the others, or to the square roots. The object of much of 
the experimental work in physics is to discover these relations. They 
are the principles in physics, or the laws of nature. 

How can these relations be discovered ? Experiments must be made 
by which, in any case, the corresponding values of the related quantities 
are measured as accurately as possible. From these numerical values the 
relations may be discovered. How r 

2. By comparing their Products. — a. To see how a relation can be 
expressed by products, take the case of articles of any one kind to be 
bought. The prices paid, A and B, will depend on the number purchased, 
C and 2), so that we have A : B : : C: D. But we can change a propor- 
tion into an equation by writing the product of the extreme terms equal 
to the product of the mean terms. Thus, if 12 articles cost 4 dollars, 21 
will cost 7 dollars, and if 

4 : 7 : : 12 : 21, then 4 x 21 = 12 x 7. 
A:B::C : D, then A X D = B X C. 

6. Conversely, if an equation consists of two products, we can change it 
into a proportion by writing the two factors of one product as the extreme 
terms, and the two factors of the other as the mean terms. 

If AxD = Bx C, then A:B::C:D. 

c. Now suppose that we have two related quantities wh)ch we will call 
m and n, and suppose that we have found out by experiments that when 
two values of ro have been multiplied each by the corresponding value 
of n, the two products are equal. We may write the equation and change 
it into a proportion. Thus : 

mx n = ro' x n'. 
ro : ro' : in 1 : n. 

This proportion shows at a glance that the two values of m are inversely 
proportional to the two values of n. This illustrates the following general 
statement : 

d. If we multiply the corresponding values of two related quantities, 
and find that in several cases the products are equal, we infer that the 
quantities are inversely proportional to each other. 

3. By comparing Quotients. — a. If two quotients are equal, the two 
dividends are directly proportional to the two divisors. 

If } = |f , then 9 : 36 : : 3 : 12. 

If a = c , then a: c:: bid. 

b d 
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6. Now suppose that m and n stand for two related quantities, and we 
have found by dividing several values of m each by the corresponding 
value of n that the quotients are equal. We may write the equation, 
change it to a proportion, and infer the law which connects the two 
related quantities. Thus: 

nm__m' 
n n' 

then m x n' = m' x n, 

and m : ro' : :n:n'. 

This proportion shows at a glance that the two values of m are directly 
proportional to the two values of n. This illustrates the following general 
statement : 

c. If we divide the -values of one of two related quantities, each by the 
corresponding value of the other, and find that the quotients are equal, we 
infer that the quantities are directly proportional to each other. 

4. To discover the Law which connects Two Related Quantities. — 
a. We make an experiment involving the two quantities, and by repeated 
trials find several sets of corresponding values. Now one may vary 
directly as the other : To discover whether this law holds, compute their 
quotients. Or one may vary inversely as the other : To discover whether 
this law connects them, compute their products. If neither quotients nor 
products are equal, neither of these laws apply. Then try for the law of 
squares, or of square roots, by computing the squares or the square roots 
of the values of one of the quantities, and trying the quotients or the 
products as before. 

b. This method of treating observations may be applied with advantage 
to the results in many of the experiments in this book. In Experiment 
16, for example, it is proved that the two forces which act on a pivoted 
bar or lever do equal quantities of work. From this it is easy to obtain 
the law which connects the forces with their distances from the pivot or 
fulcrum. Thus the computations (p. 63) gave 

F x D = M x d. 
.:F:M::d:D. 

Since D and d stand for the lever arms of F and M (§ 26, c), this pro- 
portion shows that : The two forces which balance each other on a lever 
are inversely proportional to their distances from the fulcrum. This is 
the older form in which the law of equilibrium for the lever is stated. 

c. Again : Experiment 16 proves that the two forces, the power, F, 
and the weight, 3f, which act on an inclined plane, do equal quantities 
of work. The computation shows that, in every case, Fx L = Mx H, 
and from these equal products we infer that : The two forces which work 
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against each other on an inclined plane are to each other inversely as the 
distances through which they move. These distances are the height, H, 
and the length, L, of the plane itself. Then if F be called the power, and 
M, the weight, as they are in the study of machines, we may state the 
law in this way : The power and weight will balance each other on an 
inclined plane when the power is to the weight as the height of the plane is 
to its length. This is the older form of the law of equilibrium for the 
inclined plane when the power is directed parallel to the length of the 
plane. 

The translation of equations and proportions into laws is a most valu- 
able exercise for the student. 



III. TABLES. 
1. EQUIVALENTS IN METRIC AND ENGLISH MEASURES. 

Length. 

.1 centimeter = 1 millimeter = 0.03937 inch. 

100 centimeters = 1 meter = 39.3704 inches. 

1000 meters = 1 kilometer = 39370.4 inches. 

1 kilometer = 0.62137 mile. 

Volume. 

1 cubic centimeter = 0.001 liter = 0.06103 cubic inches. 

1000 cubic centimeters = 1. liter = 1.0567 U.S. quarts. 

1 liter = 0.26417 U.S. gallons. 

1 liter = 0.22008 imp. gallons. 

3.785 liters = 1 U.S. gallon = 231 cubic inches. 

4.544 liters = 1 imp. gallon = 277.27 cubic inches. 

29.57 cubic centimeters = 1 U.S. fluid ounce = ^ U.S. pint. 
28.4 cubic centimeters = 1 imp. fluid ounce = ^ imp. pint. 
1 U.S.' fluid ounce = 1.0412 imp. fluid ounces. 

Mass. 

0.001 gram = 1 milligram = 0.01543 grain. 

1000 milligrams = 1 gram = 15.4323 grains. 

1000 grams = 1 kilogram = 2.2046 pounds (Avoirdupois). 

28.349 grams = 0.0284 kilogram = 1 ounce (Avoirdupois). 

31.103 grams = 0.0311 kilogram = 1 ounce (Troy). 
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2. RELATIVE DENSITIES OR SPECIFIC GRAVITIES 
(Approximate). 



Aluminum 2.60 

Brass, sheet 8.44 

Copper, cast 8:30 

Copper, sheet 8.88 

German silver 8.43 

Glass, crown 2.52 

Glass, plate 2.76 

Gold 19.32 

Ice . 0.917 

Iron, cast 7.65 

Iron, wrought 7.78 

Lead, cast 11.36 

Lead, sheet . . . . .11.40 



Paraffin . . 
Platinum, wire 
Wax, white . 
Zinc, cast . . 



0.87-0.91 

21.53 

0.96 

7.00 



Alcohol, absolute, 20° C. . 0.789 

Alcohol, 90%, 20° C, . . 0.818 

Glycerine 1.26 

Milk 1.032 

Turpentine 0.87 

Water, 4° C 1.0000 

Water, 20° C 0.99827 

Water, sea 1.027 



3. BROWN AND SHARP WIRE GAUGE NUMBERS AND 
THKIR DIAMETERS IN MILLIMETERS. 



No. 


mm. 


No. 


mm. 


No. 


mm. 


15 


1.459 


21 


0.723 


27 


0.361 


16 


1.296 


22 


0.644 


28 


0.321 


17 


1.150 


23 


0.573 


29 


0.286 


18 


1.024 


24 


0.511 


30 


0.255 


19 


0.912 


25 


0.455 


31 


0.227 


20 


0.812 


26 


0.405 


32 


0.202 



4. ELASTICITY OF SOLIDS. 



Name of 




Temp. 


Coefficient 
Kg. -5- sq. mm. 


Modulus 

1 


Tenacity 
Kg. per sq. mm. 




Kg. -r sq. mm. 


Brass . . . 
Copper . . 
Iron, wire 
Lead . . . 
Silver . . . 
Steel . . . 
Oak .... 




15 
15 
15 
15 
15 
15 
15 


0.0001007 

0.00008 

0.000048 

0.000579 

0.000137 

0.000051 

0.001085 


9930 

12449 

20869 

1727 

7284 

19549 

921 


60 
40 
63 

2.15 
29 
83 
With the grain 5.66 
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IV. MISCELLANY. 

1. Solution for Soap Bubbles. — Boil about 600 cc. of soft water, and 
when it is nearly cold measure out 400 cc., and add 10 g. of the best 
castile soap in fine shavings. Shake the mixture from time to time until 
the soap is dissolved. Set the solution aside for at least 24 hours. Pour 
off the clear liquid from the sediment, add 260 cc. of good glycerine, and 
mix the two thoroughly by shaking. 

A test tube with a hole in the bottom is an excellent pipe. 

2. To clean Glass. — Tubes and plates to be used for experiments on 
capillarity should be thoroughly clean. Oily matter is especially fatal to 
success. Let them be lifted up and down in strong sulphuric acid, then 
in clean water to remove the acid, afterwards in ammonia or caustic soda 
solution, and finally again in clean water. Handle them by grasping their 
upper ends or edges. 

3. To clean Mercury. —Mercury may be freed from mechanical im- 
purities by filtering it through a paper funnel having one or more pin 
holes pricked through it at the point. Mercury, in the laboratory, is 
likely to come into contact with lead and zinc, with which it readily 
combines. These metals may be removed by washing with moderately 
diluted nitric acid, then with pure water, and drying by contact with filter 
paper. 

The best way to carry out the process of washing is as follows : A glass 
tube about an inch in diameter, and the longer the better, is provided at 
one end with a tightly fitting cork pierced by a short glass tube to which 
a short rubber tube with a pinchcock is attached. The tube is clamped 
upright, and three fourths filled with the fluid. The mercury is filtered 
through the pin holes of the filter in a glass funnel ; it falls in minute 
streams through the fluid, collects at the bottom, and may be drained off. 
Instead of nitric acid a solution of 5 g. potassium bichromate and 6 cc. of 
strong sulphuric acid, per liter of water, can be used to advantage. 
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Aberration, chromatic, 290. 

spherical, 276. 
Absolute units, 41. 
Absorption of color, 202. 

spectra, 286. 
Acceleration, denned, 35. 

found by Atwood's machine, 08. 

found by the pendulum, 130. 

of a pendulum, 120. 

positive and negative, 100. 

product of a constant force, 102. 
Accuracy, sought in experiments, 14. 
Achromatism, 201. 
Actinic energy, 230. 
Action and reaction, 30. 
Activity, 43. 
Adhesion, 86. 
Air, buoyancy of, 152. 

columns and wave lengths, 219, 
221. 

compressibility of, 76. 

exhaustion of, 161. 

expansibility of, 77. 

pump, 160. 

thermometer, 175. 

waves, 208. 
Ampere, the, 348. 
Annealing, 70. 
Anode, the, 341. 
Aplanatic lens, 275. 
Archimedes, principle of, 150. 
Area, 12. 

Armatures of dynamos, 308. 
Astigmatism, 281. 
Astronomical clock, 132. 

telescope, 277. 
Atmospheric pressure, 142-148. 

Torricelli's experiment, 142. 
Attraction defined, 50. 



Attraction, electrostatic, 303. 

electrodynamic, or current, 401, 
402. 

gravitational, 04. 

magnetic, 362-366. 
Atwood's machine, 00. 
Axis, principal, of a lens, 270. 

principal, of a mirror, 258. 

secondary, 258, 272. 

Balance, the, 22, 26, 37, 50. 
Barometer, the, 143. 
Barometric height, 144. 

correction for temperature, 192. 
Battery, the Leyden, 322. 

secondary, 341. 

thermoelectric, 328. 

voltaic, 328, 342, 340. 
Beam balance, the, 22. 
Beats, 227, 238. 
Beaum6's hydrometers, 156. 
Bell, the electric, 382. 
Blake transmitter, the, 413. 
Bodies, mutual action of, 20. 
Body, 11. 

Boiling point, 176, 107. 
Box masses, 22. 
Boyle's law, 167. 

not strictly true, 150. 
Breaking stress, 82. 
Bridge, Wheatstone's, 352, 356. 
Bright-line spectra, 286. 
Buoyancy, 148. 

Calorie, the, 178, 416. 
Calorimeter, the, 177. 

water equivalent of a, 170. 
Calorimetry, 182. 
Camera, the photographer's, 270. 
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Camera, the pin-hole, 242. 
Candle power, 246. 
Capacity, electric, 318-325. 

thermal, 181. 
Capillarity, 91, 93. 
Cathode, the, 341. 

rays, 425. 
Cavendish's experiment, 94. 
Cell, the voltaic, 328. 
Cells, grouping of, 342. 
Cements, 86. 
Center of gravity, 115. 

of oscillation, 131. 
Centigrade thermometer, 173. 
Centimeter and inch compared, 16. 
Centrifugal force, 123, 124. 
Centripetal force, 122. 
C. G. S. system of units, 104. 
Changes, chemical and physical, 74. 
Chords, 227. 

Chromatic aberration, 290. 
Circular motion, 121. 
Clock, regulated by pendulum, 132. 
Coefficient of expansion, 191. 
Cohesion, 85. 

Colloids and crystalloids, 165. 
Colors, 281-296. 
Commutators, 337. 
Component forces, 108. 
Composition of forces, 105. 
Compressibility, 76, 157. 
Compound pendulum, 130. 
Compounds, 72. 
Condenser, 320-322. 

of an induction coil, 410. 
Conduction, 183, 307. 
Conductivity, 184. 
Conductors of electricity, 308. 

of heat, 185. 
Conservation of energy, 47. 

of matter, 28. 
Convection of heat, 184-187. 
Coulomb, the, 348. 
Couple, a, 115. 
Crooke's tubes, 425. 
Crystallization, 93. 
Current, the electric, 327-362. 

detected by galvanoscopes, 33 4. 

eddy, 399. 

electrolysis by, 340. 

E. M. F. of, 343, 358. 

extra, the, 394. 

field of a, 386. 

frequency of an alternating, 400. 



Current, heat by, 415. 
in divided circuit, 352. 
induction, 388. 
light by, 417. 

measured by galvanometers, 336. 
Ohm's law, 349. 
power of a, 408. 

produced by chemical action, 329. 
produced by heat, 421. 
quantity of, 348. 
resistance to, 344, 350. 
self-induced, 393. 
undulating, 414. 

Daniell cell, 358. 
Dark-line spectra, 286. 
Density, 11, 26, 28. 

electrostatic, 317. 
Deviation, angle of, 265. 

minimum, 283. 
Dialysis, 166. 

Diamagnetic substances, 365, 371. 
Diatonic scales, 223. 
Dielectric, defined, 308. 

strain, 322. 
Diffraction, 295-297. 
Diffusion of fluids, 163-166. 
Discord or dissonance, 227. 
Dispersion, 281, 282, 290. 
Displacement, 32. 
Divisibility, 70. 
Double refraction, 297. 
Ductility, 79. 
Dynamo, the, 395. 

alternating, 399. 

armatures of, 398. 

and motor compared, 403. 

continuous current, 395. 

E.M.F. of a, 399. 

essential parts of a, 396. 

series, shunt and compound, 397. 

Testa's alternator, 400. 
Dyne, the, 36. 

Ebullition, 196, 199. 
Echo, thie, 216. 
Efficiency defined, 69. 

of dynamo and motor, 403. 
Elasticity, 80-82. 

waves propagated by, 208. 
Electrical machines, 313. 
Electric arc, the, 419. 
Electric attraction and repulsion, 
302-311. 
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Electric bell, the, 382. 

car, the, 404. 

current, the, 327. 

discharge, 309. 

discharge in gases and vacua, 
423-427. 

field, 305. 

force, 305. 

heat, 415, 416. 

heater, 417. 
Electric lamps, 417. 

arc, the, 419. 

incandescent, the, 418. 

in parallel. 418. 

in series, 421. 
Electric light, 417. 
Electric oscillations, 427. 

Hertz' experiments, 428. 
Electric spark, oscillatory, 427. 
Electric stress, 305. 

waves, 427. 
Electricity, 302-430. 

radiant, 427. 
Electrolysis, 341. 
Electro-magnets, 379. 

polarity of, 380. 

portative, 383. 

tractive, 382. 
Electro-magnetic theory of light, 430. 
Electro-magnetic induction, 388-414. 
Electromotive force, 348. 

measurement of, 388. 

of cells in groups, 343. 

of dynamo, 899, 401. 

unit of, 344, 358. 
Electrostatic unit, 304. 
Electroscopes, 309. 
Electrification, defined, 303. 

a kind of potential energy, 323. 

and electricity, 306. 

by induction, 311. 
Elements, 72. 
Elongation, 36. 
Energy, defined, 43. 

actinic, 239. 

and difference of potential, 328. 

characteristics of, 167. 

conservation of, 167. 

kinetic and potential, 45. 

radiant, 239. 

transference of, 49. 

transformation of, 168, 328, 340. 

unit of, the absolute, 47. 
Equilibrium, conditions for, 119. 



Equilibrium, law of the lever, 58. 
of machines, 68, 69. 
of simultaneous forces, 106, 113. 
Equivalent simple pendulum, 131. 
Erg, the, 42. 
Errors, computed, 61. 
Experiment, accuracy in, 15. 
error of, computed, 61. 
inferences from by inspection, 

63, 66, 128. 
inferences from by comparing 

products, 118, 169, 434. 
inferences from by comparing 

quotients, 434. 
inferences from by graphic 
method, 431-433. 
Extension, 11-19. 

Fahrenheit thermometer, 173. 
Falling bodies, 97. 

acceleration of, 98, 100, 130. 

laws of, 100-102. 
Faraday's ring and coils, 405. 
Field of force, electrostatic, 806. 

lines of induction in a, 367. 

mapping a, 367. 

molecular, 374. 

of a current, 386. 

of a magnet, 365. 
Fluid, defined, 74. 
Fluid pressure, 133-156. 

atmospheric, 141-148. 

computed, 139, 141. 

due to gravity, 136. 

equations for, 141. 

in all directions, 136. 

independent of shape of vessel. 
140. 

on any surface, 139. 

Pascal's law of, 134. 

transmission of, 133. 
Fluids, classes of, 78. 

diffusion of, 164. 

osmose of, 165. 
Focus, 241. 
Force defined, 82. 

a measurable quantity, 37. 

measured by the spring balance, 
38. 

units of, 36, 37. 
Forces and motions, 106-132. 

composition of, 106-121. 

couple, a, 115. 

in circular motion, 122. 
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Forces and motions, parallel, 112, 
114, 116. 

parallelogram of, 108. 

representation of, 106. 

resolution of, 110. 

simultaneous, 106-132. 
Fortin's cistern, 144. 
Foot, the, 13. 
Foot-pound, the, 40. 
Foot-poundal, the, 42. 
Fraunhof er lines, 288. 
Freezing point, 103. 
Fusion, 103. 

absorption of heat in, 105. 

facts relating to, 103. 

laws of, 104. 

Galvanometer, 336. 

ammeter, the, 361. 

constant of, 362. 

voltmeter, the, 360 
Galvanoscope, 334. 

astatic, the, 336. 
Gas, defined, 78. 
Gases, 167-162. 

and liquids compared, 157. 

Boyle's law, 150. 

compressibility of, 76, 157. 

diffusion of, 164. 

exhaustion of, 161. 

expansibility of, 160. 

kinetic theory of, 425. 

liquefaction of, 106. 

vacua, 142, 161, 162. 
Gauss, the, 360. 
Geissler pump, 161. 
Glow lamp, 417. 
Gold-leaf electroscope, 300. 
Gram, the, 22. 

weight of a, 38. 
Gram-centimeter, 41. 
Gram-degree, 178. 
Gramme armature, 808. 
Grating, a diffraction, 207. 
Gravitation, 04-104. 

Cavendish's experiment, 04. 

Newton's law of, 05. 
Gravity, 06. 

acceleration by, 08. 

affected by latitude, 06. 

a typical force, 102. 

cause of fluid pressure, 136. 

center of, 116. 

constancy of, 08. 



Gravity, direction of, 07. 

laws of, 06. 

local force of, or "g," 100, 130. 

specific, 151. 

waves propagated by, 208. 

weight, a measure of, 06. 
Gravity cell, 361. 

Haldat's apparatus, 140. 

Hardness, 78. 

Harmonic motion, simple, 202-238. 

Harmonics, 233. 

Harmony, 227. 

Heat, 167-201. 

a form of energy, 167. 

and temperature, 170. 

a product of electric current, 415. 

definition of, 167. 

expansion by, 180-103. 

latent, 106, 100. 

liquefaction by, 103-106. 

measurement of, 170. 

mechanical equivalent of, 170. 

quantity of, 177. 

radiant, 167, 230. 

reflection of, 250. 

refraction of, 264. 

specific, 181. 

transmission of, 183-187. 

vaporization by, 106-201. 
Heating by steam, 100. 

by water, 188. 
Helix, defined, 370. 

thumb-rule for current in, 380. 
Helmholtz' explanation of discord, 
227. 

explanation of quality, 234. 
fiertz' experiments, 428. 
Horse-power, 43. 
Hydrometers, 155. 
Hydrostatic press, 134. 

Ice-cream freezer, 106. 

Ice machines, 201. 

Images, by concave mirrors, 260-263, 

by convex lenses, 260-274. 

by convex mirrors, 263. 

by plane mirrors, 255. 

by prisms, 260. 

descriptions of, 255, 263, 274. 

real, 260, 262. 

virtual, 254, 262. 
Impedance, 305. 
Inch, the, 13, 
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Incidence, angle of, 214. 

point of, 214. 
Inclined plane, 66. 

donble, 67. 

laws of equilibrium, 69. 

mechanical advantage of, 66. 

screw, an example of, 67. 

wedge, an example of, 67. 

work done by, 64. 
Induced currents, 390. 

self, 393. 
Induction, defined, 311. 

coils, 406, 409. 

electromagnetic, 388-414. 

electrostatic, 311-321. 

machines, 316. 

magnetic, 366. 

precedes attraction, 312. 

self, 393. 
Inertia, 19, 20. 
Insulators, 308. 
Isochronism, law of, 131. 

Jolly's balance, 26. 
Joule's experiments on heat, 169. 
laws, heat by current, 416. 

Kaleidoscope, the, 266. 
Keynote, 223. 
Kilerg, the, 47. 
Kilogram, the, 21. 
Kilogrammeter, the, 40. 
Kinetic energy, 46. 
Kinetic theory of gases, 426. 

Lantern, the optical, 278. 
Latent heat, 196-199. 
Law, Boyle's, 167. 

of conservation of energy, 48. 

of equilibrium of the lever, 68. 

of gravitation, 96. 

of interference, 236. 

of inverse squares, 96, 246. 

of isochronism, 131. 

of machines, 67. 

of reflection, 214. 

of refraction, 266. 

Ohm's, 349. 

Pascal's, 134. 

velocity of waves, 209. 
Laws, of capillarity, 92. 

of centrifugal force, 124. 

of ebullition, 199. 

of electric heat, 416. 

of equilibrium, 68. 



Laws of falling bodies, 100. 

of fusion, 194. 

of motion, 19, 30, 34. 

of pendulum, 128, 130, 131. 

of vibration of strings, 228. 
Length, 12-14. 
Lens, described, 268. 
Lenses, achromatic, 291. 

aplanatic, 276. 

classes of, 271. 

conjugate foci of, 272. 

dispersion by, 290. 

focal length of, 272. 

images by, 269, 273, 274. 

optic center of, 271. 

principal axis of, 270. 

principal focus of, 272. 

refraction by, 269, 270. 
Lever, the, 67. 

arms of a, 67, 62. 

bent, 62. 

law of equilibrium, 68. 

mechanical advantage of, 68, 60. 

the pulley an example of, 62-64. 

the wheel and axle, example of, 
64. 

work done by, 62. 
Leyden battery, the, 322. 
Leyden jar, 320. 

capacity of, 322. 

location of charge in, 321. 
Light, 239-301. 

beam of, 241. 

colors of, 282, 286. 

diffused, 262. 

dispersion of, 281. 

electric, 417. 

electro-magnetic theory of, 430. 

intensity of, 246. 

interference of, 294. 

pencils of, 241. 

photometry, 246. 

propagation of, 240 

polarization of, 299 

rays of, 240. 

reflection of, 260. 

refraction of, 264. 

white, colors in, 293. 
Limit of distinct vision, 276. 
Line of direction, 118. 
Lines of force, 306, 367, 386, 401. 
Liquefaction of gases, 167. 
Liquids, cohesion in, 86. 

surface tension of, 87. 
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Machines, 56-69. 

efficiency of, 69. 

forces involved in, 66. 

law of, universal, .67. 

laws of equilibrium of, 68. 

mechanical advantage of, 68. 

simple, the, 67. 
Magnets, and the magnetic field, 
362-387. 

earth, a, 376. 

electro, 379. 

forms of, 368. 

induction by, 366. 

law of attraction and repulsion, 
364. 

molecular, 374. 

polarity, 364. 

temporary and permanent, 364. 

thumb-rule for polarity of, 380. 
Magnetic attraction, 364. 

circuit, 371. 

declination, 377. 

inclination, 377. 

meridian, 377. 

reluctance, 371. 

transparency, 372. 
Magnetic field, the, 365, 887. 

exploration, 367. 

of a current, 386. 

of a solenoid, 386. 

strength of, 368. 

unit strength of, 369. 
Magnetic needles, 376. 

deflected by current, 334. 

dipping, 375. 
Magnifying power, 276. 
Major diatonic scale, 223. 
Major step, 225. 
Malleability, 79. 
Mass, definitions and measurement 

of, 11, 28. 
Masses, 19. 
Matter, described, 11. 

conservation of, 28. 

dimensions of, 12. 

molecular theory of, 73. 

properties of , 11, 70, 74, 78. 

physical forms of, 74. 

radiant, 426. 
Maxwell's theory of light, 430. 
Mechanical advantage, 58. 

of a lever, 58, 60. 

of a pulley, 63, 64. 

of a wheel and axle, 65. 



Mechanical equivalent of heat, 170. 
Media, 49, 241. 

Megerg, the, 47. * 

Melting point, 193, 194. 
Mercury, boiling and freezing points 
of, 176. 

gauge, 161. 

pumps, 161, 162. 

thermometers, 172. 
Meter, the, 12. 
Metric units, 12, 104. 
Microscope, the, 276. 
Minor step, 225. 
Mirrors, classes of, 253. 

concave, 257-263. 

convex, 263. 

plane, 263-257. 
Mobility, 133. 
Molecules, 72. 
Molecular attraction, 85-94. 

energy, 167-201. 

magnets, 374. 

motion, 73. 

spaces, 72. 

theory, the, 73. 
Momentum, 35. 

Motion, by mutual action of bodies, 
30. 

composition of forces and, 106- 
121. 

in a circle, 121. 

molecular, 73. 

Newton's laws of, 20, 30, 34. 

of falling bodies, 98-102. 

of a pendulum, 125. 

simple harmonic, 204. 

uniform, 34. 

uniformly accelerated, 98. 
Motor, the electric, 401-405. 
Multiple images, 256. 
Musical sounds, 221-234. 

beating, 238. 

chords, 227. 

differences in, 222. 

dissonance, 227. 

harmony, 227. 

intensity of, 222. 

international pitch, 226. 

intervals, 224. 

notation, 223. 

overtones, 234. 

pitch of, 222, 223. 

quality of, 222, 233. 

scales, 223. 
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Musical sounds, sharps and flats, 224. 
standards of pitch, 225. 
steps, 225. ' 

temperament, 226. 
tones, 223. 

Needle, magnetic, 375. 

Newton's laws of motion, 19, 30, 34. 

solar spectrum, 282. 
Nodes and segments, 231. 
Notes, in written music, 223. 

Octave, the, 223. 

Ohm, the, 346. 

Ohm's law, 348. 

Opacity, 241. 

Open and closed pipes, 219-221. 

Opera glass, the, 278. 

Optical bench, the, 244. 

Optical lantern, the, 278. 

Optic center of lenses, 271. 

Ordinary and extraordinary beams, 

298. 
Oscillation, 202. 

center of, 131. 

electrical, 427. 
Osmose, 165. 
Ounce, the, 21. 
Overtones, 234. 

Parallel forces, 112, 114. 
Parallelogram of forces, 108. 
Paramagnetic substances, 365. 
Pascal's law, 134. 
Pencils of rays, 241. 
Pendulum, the, 125-132. 

amplitude, 126, 129. 

analysis of motion of, 129. 

center of oscillation of, 131. 

compound, the, 180. 

conical, the, 204. 

equivalent simple, the, 131. 

isochronism of, 131. 

laws of vibration of* 128, 130, 
131. 

Newton's equation for, 129. 

period of, 126, 131. 

seconds, the, 132. 

simple, the, 125. 

vibration of, explained, 129. 

used to measure time, 131. 

used to find "g," 130. 
Penumbra, 244. 
Permeability, 370. 



Photometer, 246, 247. 
Photometry, 246. 
Physical changes, 74. 
Physics and chemistry, 74. 
Pigments, colors of mixed, 293. 
Pitch of musical sounds, 222. 

international, 226. 

intervals, 225, 226. 

standards of, 225. 
Pith-ball electroscope, 302, 309. 
Plasticity, 75, 87. 
Plate in optics, 268. 
Points, electrification at, 317. 
Polariscope, 300. 
Polarization of light, 299. 

of voltaic cell, 339. 
Polarizing angle, 299. 
Porosity, 73. 
Potential, electric, 322. 

and density, 326. 

and kind of charge, 327. 

as a relative condition, 324. 

difference of, kept up, 328. 

difference of, in voltaic cell, 333. 

fall of, 362. 

relation of, to capacity and quan- 
tity, 352. 

unit of, 325. 
Potential energy, 45. 
Pound, the, 21. 

weight of a, 38. 
Poundal, the, 36. 
Power, 42, 408. 

units of, 43, 409. 
Pressure, an effect of mutual actions, 
30. 

atmospheric, 142-148. 

fluid, 133-156. 

influence on boiling point, 176. 
Prism, the, 269. 
Proof plane, the, 316. 
Pulleys, described, 62. 

fixed and movable, 63. 

law of equilibrium for, 68. 

mechanical advantage of, 63, 64. 
Pump, the air, 160. 

the force, 146. 

the Geissler, 161. 

the handle of, a lever, 62. 

the Sprengel, 162. 

the water, 145. 

Radiant electricity, 427. 
Radiant energy, 239. 
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Radiant energy, diffraction of, 207. 

dispersion of, 281. 

electrical, 427. 

heat, 167. 

intensity of, 245. 

polarization of, 297. 

reflection of, 260. 

refraction of, 264. 

speed of, 240. 

transmission of, 239. 
Radiation of heat, 186. 
Rays, defined, 240. 

cathode, the, 426. 

Lenard and Roentgen, the, 426. 

pencils of, 241. 
Reaction, 31. 

Reaumer thermometer, the, 174. 
Reflecting telescope, the, 277. 
Reflection of waves, 213. 

law of, 214. 

of electricity, 420. 

of heat, 250. 

of light, 260. 

of sound, 215. 

regular and irregular, 262. 
Refracting telescope, the, 277. 
Refraction, defined, 264. 

angle of, 264. 

by lenses, 260. 

by plates, 268. 

by prisms, 268. 

double, 207. 

explained, 267. 

index of, 266. 

laws of, 266, 266. 

of electricity, 420. 

of light, 264. 
Refractors, 277. 
Reluctance, 371. 
Repulsion, 60, 61. 

electrostatic, 303. 

of electric currents, 401. 

of lines of force, 401. 
Resistance, 30, 344. 

and conductivity, 344. 

and strength of current, 340. 

coils, 351. 

equation for, 347. 

laws of, 347. 

measurement of, 350. 

specific, 347. 

temperature coefficient of, 358. 

unit of, 346, 347. 
Resolution of force, 110. 



Resonance, 218. 
Resonator, 218. 
Resultant force, 108. 
Rheostat, the, 351. 
Rigidity, 74. 
Rum ford photometer, 247. 

Scales, musical, 223. 

thermometer, 173. 
Screw, the, 67-40. 
Secondary battery, 342. 
Segments, vibrating, 231. 
Shadows, defined, 243. 

electric, 426. 
Shunt, 337. 

Siemens armature, 308. 
Simple harmonic motion, 202-238. 

analyzed, 206. 

definitions, terms relating to, 204. 

transmission of, 206. 
Simple microscope, the, 275. 
Simple pendulum, the, 125. 
Simple voltaic cell, 328. 
Siphon, the, 147, 163. 
Soap bubble, colors of, 206. 

solution for, 438. 
Soap film, tension of, 80. 
Solenoid, defined, 370. 

a magnet, 387. 

field of a, 386. 
Solids, defined, 74. 

properties of, 78. 
Sonometer, the, 227. 
Sound, 210-238. 

audible, limits of, 226. 

definition of, 211. 

interference of, 234, 237. 

origin of, 210. 

reflection of, 215. 

reinforcement of, 217. 

resonance, 218. 

speed of, 211-213. 

transmission of, 210. 
Sounds, musical, 221-234. 

useful in music, 226. 

wave lengths of, 216-210, 221. 
Specific heat, 181, 182. 
Specific gravity, 151. 

standard temperature for, 152. 

standards of, 161. 
Specific resistance, 347. 

of light, 240. 

of sound, 211. 
Spectrometer, the, 288. 
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Spectroscope, the, 282. 
Spectrum, the, 282. 

analysis, 289. 

diffraction, the, 206. 

experimental study of, 
287. 

Fraunhofer lines in, 288. 

kinds of, 286. 

of elements, 289. 

of the sun, 282. 

pure, a, 283. 

real, a, 284. 

ultra-red rays of, 285. 

ultra-violet rays of, 286. 

virtual, a, 286. 
Speed, defined, 33. 

of falling bodies, 101. 
Spherical aberration, 274. 
Sprengel pump, the, 162. 
Spring balance, the, 22, 25, 27. 
Spyglass, the, 278. 
Stability of bodies, 119. 
Stable equilibrium, 119. 
Standard, defined, 12. 
Steam heating, 199. 
Storage cell, 342. 
Strain, defined, 51, 52. 

dielectric, 322. 
Stratified discharge, 424. 
Strength of a current, 348. 

measurement of, 361. 
Stress, defined, 51. 

ether, 305. 
Strings, vibration of, 227-229. 
Sublimation, 196. 
Substance, 11. 
Surface tension, 87. 

effects of, 90. 

experimental study of, 87-89. 
Sympathetic vibrations, 216. 

Tangent galvanometer, 336. 
Tangential force, 122. 
Telegraph, the electric, 383. 
Telephone, the, 411-414. 

Bell, the, 412. 

carbon transmitter, the, 413. 

call bell of, 414. 

long-distance, the, 414. 
Telephony, 411. 
Telescope, the, 277. 

astronomical, the, 277. 

opera glass, the, 278. 

refractors and reflectors, 277. 



Temperament, musical, 226. 
Temperatures defined, 170. 

and changes in volume, 171. 

compared by thermometers, 172. 

corrections of barometer for, 192. 

corrections of volume of gas for, 
192. 
Tenacity defined, 82. 

measured, 83. 
Tensile strength, 83. 
Tension, 30, 35. 
Tesla's dynamo, 400. 
Thermal capacity, 181. 

conductivity, 185. 
Thermoelectric current, 421. 

pair and pile, 422. 

thermoscope, Melloni's, 422. 
Thermometers, 172. 

air, the, 175. 

Centigrade, the, 173. 

Fahrenheit, the, 174. 

graduation of, 173. 

mercurial, the, 172. 

Reaumer, the, 174. 

testing the fixed points of, 175. 
Timbre of musical sounds, 222. 
Time, measured by the pendulum. 

131. 
Time rate, 32. 

of displacement, 33. 
Ton, the, 21. 
Tones, musical, 223. 
Torricelli's experiment, 142. 
Torricellian vacuum, 142. 

in Geissler pump, 162. 
Transference of electricity, 308. 

of energy, 49-55, 167. 

of heat, 167. 
Transformers, 405-411. 

Faraday's ring and coils, 405. 
Transmission of energy, 49. 

of heat, 183-188. 

of power, 404. 

of radiant energy, 239-249. 

of sound, 210-216. 

overhead trolley system, 404. 
Transmitter, the carbon, 413. 
Transparent bodies, 241. 
Treadle, the, 61. 
Trolley car, 404. 
Tuning fork, 217, 218. 

Ultra-red rays, 285. 
Ultra-violet rays, 286. 
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